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ABSTRACT
Dominant Controls on Organic-rich Shale Deposition:
Geochemical Evidences from the Marcellus Shale in the
Appalachian basin
Ruiqian Chen
Middle and Late Devonian-age shales in the Appalachian basin have a long
history of marginal gas production and are considered to be the primary source
rocks for Late Devonian sandstone and younger conventional reservoirs in the basin.
Rapid exploration and exploitation of the Middle Devonian Marcellus Shale as a
shale gas resource has dramatically increased the need for more scientific
information about its depositional history. However, there is no consensus on a
model to explain the formation of organic-rich intervals in the Marcellus Shale.
Numerous studies have demonstrated that the deposition of organic matter in the
Marcellus Shale is controlled by the interplay of multiple factors, including
paleoproductivity, paleoredox, rates of sediment influx and the activity of degradation
processes. Thus, it is unlikely that a single model can account for the organic matter
accumulation and preservation in the Marcellus Shale. Moreover, the major driving
factor (i.e., tectonism or eustasy) that likely caused the deposition of Middle
Devonian black shales are still highly debated. Previous studies also suggest that
the Marcellus Shale accumulated as a consequence of thrust-load-induced
subsidence and rapid deepening of the foreland basin. However, the conodontbased correlation of some black shale intervals of the Appalachian basin suggests a
eustatic signature.
This dissertation presents new results of the linkages between primary
productivity, bottom water redox conditions and clastic input associated with the
Acadian orogeny of the Marcellus Shale. Here we studied stable isotopes,
geochemical and petrographic records preserved in the Marcellus Shale from
southwestern Pennsylvania and northern West Virginia. The results of this study
provide useful insights into the dominant controls on the burial and preservation of
organic matter in the Marcellus Shale, which are also resposible for the spatial and
temporal variations in the shale deposition.
Chapter 1 compares the isotopic and geochemical characteristics of
sediments of a liquids-prone well (WV-7) in Wetzel County with a gas-prone well
(WV-6) in Monongalia County, northern West Virginia. The difference in organic
carbon isotopes indicates that the dominant organic matter preserved in each core is
different: δ13Corg values are lighter on average in WV-6 compared with WV-7. A
possible explanation is that a larger fraction of terrestrial organic matter was
preserved in the WV-6 core, whereas WV-7 may contain a greater percentage of
marine organic matter. Clastic-influx proxies (e.g. Ti/Al, Ca/Al and Mg/Al) also
suggest that the WV-6 core site received a higher sediment input compared to WV-7,
consistent with a more proximal location to dry land and the delivery of greater
amounts of terrestrial organic matter. Depleted δ13Ccarb values, low concentrations
of redox sensitive elements (e.g. V, Cr, Ni and U), and high variability δ15N values in

the WV-6 core all suggest the presence of higher dissolved oxygen concentration
and short term shifts in an oxic/anoxic boundary near the sediment-water interface
during deposition. These lines of evidence indicate that the depositional conditions
were favorable for the accumulation of predominantly gas-prone Type III kerogen in
the Marcellus Shale at the WV-6 site. In contrast, the Marcellus Shale at the WV-7
site was deposited in a more distal area that received a low terrestrial sediment
supply, organic matter primarily derived from marine algae, and bottom water
conditions that were dominantly anoxic. Such conditions were favorable for the
accumulation of Type II kerogen that has a greater capacity to generate liquid
hydrocarbons. Differences between the liquids-prone and gas-prone parts of the
Marcellus Shale play have been largely ascribed to depth-of-burial and thermal
maturation history; this study indicates that depositional environment and
sedimentary facies may have played significant roles as well. The results from this
chapter have been published in Applied Geochemistry with co-authors Shikha
Sharma, Tracy Bank, Daniel Soeder and Harvey Eastman.
Chapter 2 employs geochemical, isotopic in combination with petrographic
analyses from a core of the Marcellus Shale obtained from Greene County,
Pennsylvania, to understand the dominant controls on organic matter deposition in
the black shale study units. This study suggests that the regeneration of nutrients,
such as nitrogen (N) and phosphorous (P), may have played a key role in the
formation of organic carbon (OC)-rich intervals in the Marcellus Shale. The ratios of
Corg/Nbulk and Corg/Ptot are significantly higher in the OC-rich zone of the core (i.e.,
defined as TOC > 4% and located between 2393 and 2406.5 m depth). The high
Corg/Ptot and Corg/Nbulk ratios of the preserved organic matter may reflect the release
of N and P by microbial processes, indicating the recycling of nutrients during
deposition of the OC-rich interval. In addition, our data show a positive relationships
between the Corg/Ptot and Corg/Nbulk ratios and the organic carbon content, which
indicate that the recycled nutrients may have promoted primary productivity,
resulting in higher OC accumulation in some intervals. The geochemical and stable
isotopic results also suggest that the alternating redox conditions in the water mass
were favorable for nutrient regeneration. Highly variable trace metal concentrations
(e.g., U, Mo, V) in the OC-rich zone and a wide range of δ15N and δ34Spyr values
towards the top of the OC-rich zone suggest fluctuations between anoxic and
suboxic water conditions. Finally, sedimentary features and agglutinated benthic
foraminifera in the OC-rich zone support the existence of short-term fluctuations
between suboxic and anoxic conditions near the sediment-water interface. Multiple
lines of evidence suggest that conditions were not permanently anoxic during the
formation of OC-rich interval and that nutrient regeneration may have played an
important role in the formation of these intervals in the Marcellus Shale. This chapter
has been published in Palaeogeography, Palaeoclimatology, Palaeoecology.
Chapter 3 reports trace and rare earth elements (REE) of the samples
collected from a 30-m core of the Marcellus Shale obtained from Greene County,
southwestern Pennsylvania. This study provides the direct links between organic
matter enrichment trends in the Marcellus Shale with the Acadian orogeny. The
Acadian orogen has been recognized as a main sediment source for the Marcellus
Shale. Synthesis of tectonic history and recent ash bed geochronology, reveals that
deposition of the organic carbon-rich (OR) zone (characterized by TOC >4%; located
between 2393 m and 2406.5 m core depth) in the studied Marcellus Shale core was
coincident with tectonically active and magmatic quiescent period of the Acadian

orogeny (ca. 395-380 Ma). This time also corresponds to the period when mountain
building in the Acadian orogen was at its highest rates. The light rare earth (LREE)
and selected trace elemental (e.g., Ta, Cs) composition of the OR zone sediments is
similar to that of the bulk continental crust, supporting the lack of magmatic activity in
the source area (i.e. Acadian orogen). In contrast, subsequent deposition of the
organic carbon-poor (OP) sediments (characterized by TOC <4%; located between
2376 m and 2393 m core depth) in the upper Marcellus Shale occurred
synchronously with a magmatic active phase (ca. 380-370 Ma) during the Acadian
orogeny. The OP zone sediments have LREE and trace elements composition
similar to that of the upper continental crust, suggesting intrusion of granodiorite
rocks during a magmatic active period of Acadian Orogeny. The temporal and
geochemical correlation between the Acadian orogeny and the Marcellus deposition
provide evidence for the role of tectonism in the deposition of organic-rich Marcellus
Shale.
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ABSTRACT
The Middle Devonian age Marcellus Shale contains one of the largest shale gas plays in North
America. Hydrocarbon production in the eastern part of the play is mostly “dry gas,” consisting
of essentially pure methane. Production of natural gas liquids (condensate) increases toward the
west, which is the area currently, being targeted by developers. Two Marcellus Shale cores from
West Virginia were analyzed to compare the isotopic and geochemical characteristics of a
liquids-prone well (WV-7) in Wetzel County with a gas-prone well (WV-6) in Monongalia
County. The contrasts between the cores indicate that the conditions of the Marcellus Shale
deposition were different between the two sites. The dominant organic matter preserved in each
core is isotopically different; δ13Corg values are lighter on average in WV-6 compared with WV-7.
A possible explanation is that a larger fraction of terrestrial organic matter was preserved in the
WV-6 core, whereas WV-7 may contain a greater percentage of marine organic matter. Clasticinflux proxies (e.g. Ti/Al, Ca/Al and Mg/Al) also suggest that the WV-6 core site received a
higher siliciclastic input compared to WV-7, consistent with a more proximal location to dry
land and the delivery of greater amounts of terrestrial organic matter. Depleted δ13Ccarb values,
low concentrations of redox sensitive elements (e.g. V, Cr, Ni and U), and high variability δ15N
values in the WV-6 core all suggest the presence of higher dissolved oxygen concentration and
short term shifts in an oxic/anoxic boundary near the sediment-water interface during deposition.
These lines of evidence indicate that the depositional conditions were favorable for the
accumulation of predominantly gas-prone Type III kerogen in the Marcellus Shale at the WV-6
site. In contrast, the Marcellus Shale at the WV-7 site was deposited in a more distal area that
received a low terrestrial sediment supply, organic matter primarily derived from marine algae,
and bottom water conditions that were dominantly anoxic. Such conditions were favorable for
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the accumulation of Type II kerogen that has a greater capacity to generate liquid hydrocarbons.
Differences between the liquids-prone and gas-prone parts of the Marcellus Shale play have been
largely ascribed to depth-of-burial and thermal maturation history; this study indicates that
depositional environment and sedimentary facies may have played significant roles as well.
INTRODUCTION
Middle and Upper Devonian-age shales in the Appalachian basin have a long history of
marginal gas production (Piotrowski and Haper, 1979; Milici et al, 2002; Milici and Swezey,
2006; Haper, 2008; King, 2008), and are considered to be the primary source rocks for Upper
Devonian sandstone and younger conventional reservoirs in the basin (Boyce and Carr, 2010).
The Marcellus Shale is the basal shale unit of a thick clastic sequence of shales and siltstones
that dominated the Appalachian basin deposition during the late Middle Devonian and Upper
Devonian – Lower Mississippian time (Potter et al., 1980). Shales with organic carbon contents
greater than 2 percent are generally black in color (Hosterman and Whitlow, 1980), and have
been sought after for many years as potential sources of natural gas.
The Marcellus Shale is one of these black shale units and is composed of two members,
the lower Marcellus/Union Springs Shale and the upper Marcellus/Oatka Creek Shale, which are
separated by Purcell/Cherry Valley Limestone (Werne et al., 2002; Segaman et al, 2003). The
Union Springs consists of an organic-rich silty shale, siltstone, and limestone (Cooper, 1930).
This member is the most organic-rich and gas productive part of the Marcellus Shale. The upper
unit of the Marcellus Shale is called the Oatka Creek Member (Cooper, 1930). This is less
organic and more clay-rich than the Union Springs, and often contains abundant siderite
concretions. There is disagreement about whether the Purcell Limestone is a southern equivalent
of the Cherry Valley Limestone, or a totally separate unit (Repetski et al., 2012). In this study,
3

the Purcell and Cherry Valley are treated as separate members. The Cherry Valley Limestone
separates the Union Springs and Oatka Creek shales. The Purcell Limestone is present within the
Oatka Creek Shale and for this study we named the shale unit above the Purcell Limestone upper
Oatka Creek Shale and the one below it is called lower Oatka Creek Shale (Fig. 1). From the
gamma ray log, the thickness of the Union Springs Shale decreases from east to west and is only
1.2 m in WV-7 core. Examination of closed-spaced wireline logs from this basin reveals the
occasional presence of the Union Springs Member as a thin, radioactive, low-density interval
immediately above the Onondaga Formation and below the Cherry Valley Limestone (e.g.
Rickard, 1984; Lash and Engelder, 2011). Griffing and Ver Stratten (1991) suggest the faunas
and sedimentary fabrics of the limestone beds in the Marcellus Shale are comparable to the
Devonian limestones in Europe and North Africa, which can be interpreted as very slow pelagic
and hemipelagic sedimentation on sediment-starved marine platforms and adjacent slopes
(Tucker, 1974; Wendt et al., 1984).

4

Figure 1: Study site location and a generalized stratigraphic chart of the Marcellus Shale in West
Virginia, correlating to WV-6 and WV-7 wells. Modified from Lash and Engelder (2008), East
et al., (2012) and Zagorski et al. (2012).
Ettensohn and coworkers have proposed that much of the black shale was accumulated
under persistent and widespread anoxia (Ettensohn et al., 1979; Ettensohn and Barron, 1981;
Ettensohn, 1985a, b). Based on Ettensohn’s model, accumulation of black shale with high
organic carbon content (>10%) was associated with deepening of the Acadian foreland basin and
widespread water column anoxia. The interbedded limestone units represent shallowing-upward
periods during deposition (Ettensohn and Barron, 1981; Boyce and Carr, 2010).
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Recently, micro-anoxic environment ideas have been proposed, which dispute
widespread bottom water anoxia, and focus on enhanced organic matter preservation due to
localized anoxia resulting from high primary productivity with possible seasonal fluctuations
(Macquaker et al., 2009; Boyce and Carr, 2010). Other investigators have proposed that black
shales were deposited on the shallower, distant edge of the Appalachian basin, far from land
(Schieber, 1994; Smith and Leone, 2010). In this model, the distal side of the basin away from
the sediment source areas received relatively little inorganic mineral sedimentation, and was thus
“starved” of sediment. The resulting clear, shallow water allowed algae to bloom and contribute
significant amounts of organic matter to the fine grained sediment that did accumulate, creating
black shale sequences that onlap shallow-water limestone. These ideas suggest that the entire
basin was not synchronously anoxic. Therefore, other factors besides anoxia would have
influenced the preservation of organic matter and the subsequent quality of the source rock,
contributing to the preferential production of natural gas liquids or dry gas.
The distribution of liquids- and gas-prone areas within a shale play is important for
evaluating the economics of an exploration venture and assessing source rock resources. Liquidsprone plays are of greater interest to industry because of the current low prices of dry natural gas.
Study of the key factors controlling hydrocarbon production from shale plays suggested many
currently producing shale-gas reservoirs have over-mature source rocks (Passey et al., 2010).
However, whether shale reservoirs generate liquids or gas is dependent on not only their thermal
maturities but also the types of organic matter within the source rock. Organic matter derived
from marine algae (Type II kerogen) contained lipids that typically generated liquids during
thermal maturation, whereas terrestrial-sourced organic matter (Type III kerogen) was typically
composed of woody or cellulose-dominated plant matter that primarily generated gas during the
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thermal maturation process (Leckie et al., 1988). Spatial variation of the types of organic matter
within the Marcellus Shale may play an important role in controlling the types of hydrocarbon
(gas or liquids) generation. Although the thermal maturity of the Marcellus Shale is considered
to be quite high throughout most of the basin (Rowan, 2006), a relatively narrow band along the
western margin appears to contain both the right kind of kerogen and the proper levels of thermal
maturity to produce significant quantities of natural gas liquids.
In order to test this hypothesis, we examined two Marcellus Shale drill cores from West
Virginia. These cores were collected in the late 1970s as part of the Eastern Gas Shales Project
(EGSP), a resource assessment and engineering research study funded by the U.S. Department of
Energy between 1977 and 1992 to investigate the natural gas resource potential of domestic
black shale formations (Soeder, 2012). One core was obtained from EGSP WV-7, a liquidsprone well in Wetzel County, WV near the Ohio River. The other core was obtained from EGSP
WV-6, a gas-prone well located on the grounds of the National Energy Technology Laboratory
in Monongalia County, WV.
Vitrinite reflectance (Ro) studies of the Marcellus Shale in the Appalachian basin
(Zagorski et al., 2012) indicate that the deeper, eastern WV-6 core has a higher thermal maturity
(Ro=1.5 to 2.0) compared to the shallower, western WV-7 core (Ro=1.0 to 1.5). Thermal
maturity is ranked as the number one factor controlling natural gas production from black shales,
with total organic carbon content ranked second (Zagorski et al., 2012). It is unclear, however,
whether differences in the type of organic matter contained within the source rock may also be
responsible for the observed variation in liquids- or gas-prone hydrocarbon production in the
Marcellus Shale. To investigate the types of organic matter and their preservation conditions
within these two cores, we employed an integrated, multi-proxy approach that characterizes the
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relative influences of different processes (biological, physical and chemical) and conditions
related to the organic matter accumulations during the shale deposition.
Stable carbon isotope composition of organic matter has been widely used to determine
the types of organic matter (terrestrial vs. marine) present in source rocks, and its links to the
environment of deposition and/or sediment supply (Maynard, 1980; Meyers, 1994; Calvert et al.,
1996). Here we address this issue further by examining the geochemistry of the WV-6 and WV-7

cores in order to determine ways in which the two cores may be chemically similar or different.
Thus, we have chosen a multi-proxy approach to evaluate the differences in redox conditions of
the bottom water (e.g. V/Cr, U/Th), as well as the detrital clastic influx (e.g. Ti/Al, Mg/Al)
during shale deposition.
METHOD
Representative samples were collected from approximately one meter (3 ft.) intervals
from each core for isotopic and geochemical analysis. The samples were ground to very fine
powder in a SPEX mixer mill and then oven-dried for 24 hours at a temperature of 50°C.
Carbon and nitrogen isotope analysis were performed by the Stable Isotope Laboratory at
West Virginia University. Carbon isotopic composition of inorganic carbon was measured using
a GasBench device coupled to a Delta Advantage isotope ratio mass spectrometer (IRMS). To
determine the isotopic compositions of organic carbon and organic nitrogen, all carbonate was
removed from the samples using 1 mol/L hydrochloric acid (HCl) followed by centrifugation and
4-5 rinses with ultrapure DI water until the decanted liquid tested with pH paper was neutral.
After decanting the final wash water, the samples in the centrifuge tubes were placed in a drying
oven at a temperature of 50°C. Once dried, the samples were transferred to plastic tubes for
storage for organic carbon and nitrogen isotopic analysis. A Costech ECS 4010 combustion
8

elemental analyzer (EA) coupled to isotope ratio mass spectrometer via Conlo 1V interface was
used for the determination of the organic nitrogen and carbon isotopic compositions. The
measurement precision was assessed by replicate analysis of samples and internal lab standards
and was better than ±0.1‰ for δ13C and ±0.2‰ for δ15N. The δ13C and δ15N values of internal
laboratory normalization and check standards were calibrated against their respective IAEA
standards and values are reported in per mil (‰) relative to V-PDB and AIR, respectively.
The major, minor, and trace element compositions of the shale samples were determined
by Inductively Coupled Plasma Mass Spectrometry (ICPMS). Powdered and homogenized
samples that had passed through a 100 mesh sieve were digested using lithium metaborate
fusion. The method is effective at digesting silicate-rich rock samples without the use of
dangerous HF or HClO4 (Walsh, 1980). In this method, 0.4 g of LiBO2 is mixed with 0.05 g of
sample in a platinum crucible. The mixture is heated in a microwave oven (CEM) at 1100°C for
4 minutes. The melt is removed from the microwave and cooled to a glass, which is then
dissolved in 5% HNO3 and 2% HCl while stirring and heating on a hot plate. The dissolved
sample is transferred from the platinum crucible and diluted in a beaker to a final volume of 100
ml. For quality control, blanks and reference standards including the Green River shale and the
Brush Creek shale were also digested. Elemental concentrations were measured using the ELAN
DRC II ICPMS in standard mode. Data were collected after final dilutions of 20 and 100. An
online internal standard of 200 ug/l Rh was used for analyses. The instrument was calibrated
between 1 and 1000 ppb. Quality checks were included every 10 samples and included sample
duplicates, sample spikes, certified reference materials, and blanks. The analytical precision is
considered to be better than 3% of the measured value for major elements and ~4%–10% of the
measured value for trace elements.
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RESULTS
To better characterize and compare the isotopic and geochemical differences between WV6 and WV-7 cores, both cores were subdivided into various zones based on gamma ray, total
organic carbon (TOC) content and lithology (Table 2). In WV-6, Organic-rich (OR)-Shale Zone
is the shale interval (Union Springs Shale) that has the highest average TOC in the Marcellus
Shale. The gamma ray signal is also constantly high through this zone. Organic-intermediate
(OI)-Shale Zone is an intermediate organic carbon content- shale interval, while Organic-poor
(OP)-Shale Zone represents the shale interval with relatively poor TOC content and low gamma
ray signal. Carbonate zone is composed of the Purcell and the Cherry Valley limestones (Fig. 2).
In WV-7, OR-Shale Zone is a high TOC interval between the Purcell and Cherry Valley
limestones, OI-Shale Zone is an intermediate organic carbon-interval above the Purcell
Limestone, whereas Carbonate Zone represents the Purcell and Cherry Valley limestones (Fig. 3).
The TOC values and isotopic compositions of WV-6 and WV-7 cores are listed in Table 1.
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WV‐6
Depth (m)
2256.2
2256.8
2257.4
2258.0
2258.9
2259.4
2260.1
2260.1
2260.7
2261.6
2262.6
2263.5
2264.1
2264.6
2265.3
2266.0
2266.0
2266.6
2267.1
2267.0
2268.0
2269.0
2269.9
2270.8
2271.7
2272.6
2273.4
2273.4
2274.4
2275.4
2276.0
2276.5
2277.2
2278.1
2278.8
2279.9
2280.8
2281.8
2282.7
2283.6
2284.5
2285.4
2286.0

%TOC
4.8
4.7
4.6
5.4
5.3
4.2
4.7
3.6
3.7
4.3
3.2
3.3
3.4
3.9
3.8
3.7
4.2
4.4
4.6
6.1
6.9
8.6
8.5
8.5
9.7
8.0
6.4
6.2
7.9
7.3
3.8
6.0
5.5
6.1
6.6
7.8
9.1
13.0
14.2
10.9
4.4
8.8
9.2
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WV‐7
13

δ Ccarb ‰ δ Corg ‰ δ 15N‰ Depth (m)
‐4.5
‐7.6
‐4.1
‐8.2
0.5

‐4.7
‐3.8
‐6.1
‐5.6
‐5.2
‐15.2
‐14.3
‐6.3
‐7.5
‐11.0
‐6.8
‐4.3
‐6.1
‐3.9
‐6.4
‐3.8
‐5.5
‐9.8
‐8.7
‐4.1
‐4.9
‐2.9
‐7.0
‐10.1
‐7.2
‐2.4
‐3.3
‐2.4
‐2.7
‐3.5
‐3.9
‐2.5
‐2.8

‐29.8
‐29.8
‐30.0
‐30.0
‐30.0
‐29.8
‐29.7
‐29.4
‐29.5
‐29.6
‐29.5
‐29.8
‐29.7
‐29.7
‐29.6
‐29.9
‐29.8
‐29.8
‐29.9
‐29.8
‐29.9
‐29.8
‐29.7
‐29.8
‐29.9
‐29.8
‐29.7
‐29.6
‐29.8
‐29.9
‐30.0
‐30.4
‐31.3
‐30.7
‐30.6
‐30.8
‐30.8
‐30.5
‐30.8
‐30.9
‐30.9
‐30.9
‐30.6

0.0
‐1.6
‐0.2
‐0.1
‐0.1
‐0.1
‐0.8
‐0.7
‐0.3
‐0.2
‐0.2
‐0.3
‐1.6
0.0
0.1
‐0.2
‐0.2
0.1
0.2
0.2
‐0.1
‐1.4
‐0.3
‐1.3
‐1.7
‐0.6
‐0.9
0.6
‐0.5
‐0.1
0.0
0.2
0.3
‐1.6
‐1.0
‐1.3
‐0.5
1.0
0.5
‐2.0
1.0
‐1.4
1.4

2005.4
2005.7
2006.3
2007.3
2008.5
2009.1
2010.0
2010.9
2011.4
2011.8
2013.1
2013.7
2014.6
2015.5
2016.4
2016.9
2017.3
2018.2
2019.0
2019.2
2019.9
2020.1
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%TOC
9.9
10.1
8.8
7.8
9.8
9.7
8.1
8.4
7.9
7.7
3.1
6.5
6.1
11.6
12.5
13.5
13.7
2.5
13.3
6.6
0.4
1.8
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δ Ccarb ‰ δ 13Corg ‰
‐3.7
‐3.8
‐7.8
‐5.7
‐5.6
‐5.7
‐5.4
‐4.4
‐4.6
‐2.7
‐9.0
‐4.8
‐4.7
‐5.2
‐3.1
‐10.1
‐2.0
‐2.1
‐1.9
‐4.5
‐1.5
‐1.0

‐29.6
‐29.6
‐29.5
‐29.5
‐29.6
‐29.5
‐29.6
‐29.5
‐29.4
‐29.2
‐29.1
‐29.4
‐29.4
‐29.4
‐29.0
‐29.5
‐29.6
‐29.6
‐30.1
‐30.1
‐28.9
‐30.0

δ 15N‰
‐0.8
‐0.9
‐0.3
0.0
0.6
0.8
‐1.3
0.0
0.0
0.7
0.4
‐0.3
‐1.2
0.3
0.6
‐0.3
‐0.9
0.1
‐0.1
0.2
0.0
0.1

Table 1: Isotopic measurements for WV-6 and WV-7 cores. For carbonate carbon isotope
composition internal normalization and carbonate check standards calibrated against NBS 18,
NBS19 and LSVEC were used. The internal normalization and check standards used for organic
carbon and nitrogen isotope analysis of TOC were calibrated against USGS 40 and 41.

OR‐Shale Zone
Average
SD
TOC %
9.7
3.1
13
‐2.9
0.6
δ C carb ‰
δ13C org ‰
δ15N ‰

‐30.8
‐0.1

0.2
1.3

OR‐Shale Zone

WV‐6
OI‐Shale Zone
Average
SD
7.7
1.2
‐6.4
2.5
‐29.8
‐0.6

0.1
0.7
WV‐7
OI‐Shale Zone

OP‐Shale Zone
Average
SD
4.3
0.6
‐6.6
4.1
‐29.8
‐0.3

0.2
0.5

SD
4.3
2.9

Average
8.8
‐4.9

SD
1.0
1.4

Average
3.6
‐4.2

SD
2.6
3.2

δ13Corg ‰

0.4
0.5

‐29.5
‐0.1

0.1
0.7

‐29.4
‐0.2

0.4
0.6

δ15N ‰

‐30.4
‐0.4

0.6
0.8

Carbonate Zone

Average
TOC %
10.5
13
δ Ccarb ‰ ‐4.1
‐29.6
0.0

Carbonate Zone
Average
SD
5.2
1.3
‐6.4
2.7

Table 2: Average values and standard deviations of total organic carbon content (TOC) and
isotopic compositions in different zones in WV-6 and WV-7 cores.

Isotopic composition
In WV-6, δ13Corg shows the most depleted value (average= −30.8±0.2‰) in OR-Shale
Zone followed by a slightly positive change at the Cherry Valley Limestone member. This trend
is interrupted by a sharp positive shift to ~ −30.0±0.1‰ at the base of OI-Shale Zone. OP-Shale
Zone keeps generally constant values of −30.8±0.2‰ (Fig. 2). In WV-7, δ13Corg displays a
different pattern (Fig. 3). The δ13Corg values are relatively negative (average −29.6±0.4‰) at OR12

Shale Zone and reach a minimum of −30.1‰ at 2016.5 m, and then followed by a slight positive
shift in the Purcell Limestone member with an average value from −29.7‰ to −29.5‰. After
that, the δ13Corg values fluctuate around −29.6‰ at the OI-Shale Zone.

Figure 2: Total organic carbon content and carbon isotopic profiles of organic and carbonate
carbon in the WV-6 core.
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Figure 3: Total organic carbon content and carbon isotopic profiles of organic and carbonate
carbon in the WV-7 core.
In WV-6 (Fig. 2), the δ13Ccarb values are around −2.9±0.6‰ in OR-Shale Zone, followed
by a sharp negative shift to −6.4±2.7‰ in the Cherry Valley Limestone, and then maintain a
consistent average value ~ −6.4±2.5‰ in OI-Shale Zone. In OP-Shale Zone, the values trend in
a slight negative shift at around −6.6±4.1‰. In WV-7 (Fig. 3), the δ13Ccarb values are ~ −1.2‰ in
Cherry Valley Limestone, which is close to marine carbonate δ13Ccarb values (~ 0‰). This is
followed by a negative shift in OR-Shale Zone with the average value around −4.1±2.9‰.
Finally, the average value is more negative in OI-Shale Zone (average = −4.9±1.4‰) compared
to OR-Shale Zone and Carbonate Zone.
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The nitrogen isotope results show that there is a slight difference in the isotopic
composition of organic nitrogen between the two cores (Fig. 4). In WV-6, the δ15N values range
from −2‰ to +1.4‰ in OR-Shale Zone, and from −1.8‰ to +0.6‰ in OI-Shale Zone. In WV-7,
the δ15N values are relatively consistent in OR-and OI-Shale zones throughout the core and
ranging from −1.3‰ to +0.8‰ in both.

Figure 4: Nitrogen isotopic compositions of two cores WV-6 (right) and WV-7 (left).
Geochemical Data
Profiles for geochemical data are shown in Fig 5 and 6 with values listed in Tables 1S. The
Ti, Ca, Mg and Mn concentrations indicate clastic influx and were divided by Al concentration
to eliminate the effect of varying input sources (Fig. 5). The profiles for Ti/Al indicate a
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significant increase in Ti concentration in WV-6. Ca, Mg and Mn exhibit a distinct increase in
concentration at the bottom of the Marcellus Formation in WV-7, but the values are relatively
consistent through WV-7 core. Redox-sensitive metals (e.g. Ni, V, U) are represented as trace
element ratios, such as V/(V+Ni), to reconstruct the paleoredox conditions (Fig. 6). The profile
for V/(V+Ni) indicates a decrease in OR-Shale Zone in WV-6 compared to that zone in WV-7.
The V/Cr profiles do not indicate any significant enrichment in any one zone in WV-6, but the
values are higher on average in WV-7, in particular in OR-Shale Zone. The profile for U/Th in
WV-7 appears scattered and values are slightly higher on average than WV-6. Mo/Al profile
shows no distinct changes through the WV-7 core while the values decrease upward through
WV-6.
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Figure 5: Profiles of Al%, Ti/Al, Ca/Al, Mg/Al and Mn/Al ratios of two cores WV-7 (upper)
and WV-6 (lower).
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Figure 6: Profiles of V/(V+Ni), V/Cr, U/Th and Mo/Al ratios of two cores WV-7 (upper) and
WV-6 (lower).
DISCUSSIONS
Carbon and nitrogen isotopes
Organic carbon isotope ratios (δ13Corg)
The organic carbon isotope results in this study show that the δ13Corg values in WV-6 are
on average 0.5‰ lighter than WV-7 throughout the Marcellus Formation (Fig. 7a). In OR-Shale
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Zone of WV-6, the δ13Corg values are significantly lighter (~ 1.2‰) than OR-Shale Zone in WV7 (Fig. 7b). The δ13Corg values in OI-Shale Zone in WV-6 are also on average 0.3‰ lighter than
OI-Shale Zone in WV-7 (Fig. 7c). The differences in organic carbon isotope ratios in both zones
can be due to differences in the source of organic matter or microbial diagenesis (Beier and
Hayes, 1989).

Figure 7: Histograms of δ13Corg , δ13Ccarb and δ15N values in overall Marcellus Formation,
Organic-rich (OR)-Shale Zone and Organic-intermediate (OI)-Shale Zone in two cores WV-6
and WV-7.
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Carbon isotopic ratios are useful to distinguish marine and terrestrial plant sources in
organic matter (e.g. Faganeli et al., 1988; Meyers and Ishiwatari, 1993; Meyers, 1994). Most
photosynthetic plants incorporate carbon into organic matter using the C3 Calvin pathway, which
discriminates against 13C. Therefore, organic matter produced from atmospheric CO2 (δ13C = ~
−7‰) by land plants using the C3 pathway consequently has an average δ13C (PDB) value of
about −27‰. However, for marine algae and phytoplankton, the source of inorganic carbon is
dissolved bicarbonate, which has a δ13C value of about 0‰. Hence, marine organic matter
typically has δ13C values between −20‰ and −22‰ (Meyers, 1994), which is heavier than the
δ13C values in terrestrial organic matter. Several studies have suggested that diagenesis does not
significantly affect the δ13C of organic matter in sedimentary rocks, particularly in black shales
(e.g. Ader et al., 2009; Bekker et al., 2008; Young et al., 2008). It has been suggested that in
black shales, removing or altering a portion of the primary organic carbon may not change
organic carbon isotopic compositions (Jiang et al., 2012). Therefore, lower δ13Corg values in WV6 core could possibly suggest that the organic matter in the shale contained a higher percentage
of terrestrial organic matter composed of gas-prone Type III kerogen. In contrast, the shale in
WV-7 probably had a larger contribution of lipid-rich, marine organic matter (i.e. Type II
kerogen), which significantly helped its potential to generate wet gas and liquids during the
thermal maturation process.
Meyers (1994) also concluded that two of the bulk identifiers of organic matter sources the C/N ratio and the δ13Corg appear to undergo little change under diagenetic processes. In
particular, the organic matter in marine sediments typically accumulates at slower rates and over
longer periods of time. Thus, the C/N ratio and the δ13Corg values consequently have the potential
to record longer paleoceanographic histories and reveal the effects of slow-acting diagenetic
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alterations. Hence, for marine sedimentary deposits, the δ13Corg values do not change drastically
after a significant amount of time after burial.
The δ13Corg values in organic matter could be affected by other microbial processes. For
example, the microbial cycling of methane, via bacterial methane oxidation could potentially
contribute isotopically depleted organic carbon to sediments (Jahnke et al., 1996; Freeman,
2001). Therefore, the lighter δ13Corg value in WV-6 could also be associated with bacterial
methane oxidation, which provides isotopically depleted carbon to the inorganic carbon reservoir.
Oxidation of methane would suggest the presence of a relatively high oxygen concentration in
the bottom waters or the presence of other oxidants like SO4, NO3. These conditions are also
more likely to exist in the shallower/ marginal part of the basin during the deposition of
Marcellus Shale. Hence, based on carbon isotope signatures of organic and inorganic carbon we
infer that sediments of well WV-6 were deposited near the basin margin.
Carbonate carbon isotope ratios (δ13Ccarb)
In general, δ13Ccarb values are slightly positive in OR-Shale zones compared to other shale
zones within the Marcellus Formation in both cores (Fig. 2 and 3). The relatively high δ13Ccarb
values may be due to the rapid burial of large amounts of organic carbon which is rich in 12C
(Louis-Schmid et al., 2007; van Hengstum and Grocke, 2008; Spofforth et al., 2010). The high
photosynthetic demand is likely to preferentially remove lighter 12C leaving the dissolved
inorganic carbon pool enriched in 13C, resulting in an increase in δ13C of the precipitating
carbonate.
The δ13Ccarb values in the WV-6 core are on average 1.1‰ lighter than the WV-7 core
(Fig. 7d). Such a difference may be ascribed to microbial oxidation of organic matter which can
produce isotopically light dissolved inorganic carbon (DIC) in the pore waters of deep-sea
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sediments (von Breymann et al., 1991). This process added 13C-depleted carbon to the photic
zone, thus the remineralized CO2 can precipitate as carbonate with δ13Ccarb values as light as −19‰
(Meyers and Snowdon, 1993). Therefore, the lighter δ13Ccarb values in WV-6 indicate that there
has been enrichment of 12C during the post-depositional microbial reworking of organic matter
under oxic conditions. The lighter δ13Ccarb values in WV-6 may also be due to methane oxidation
processes, which delivered isotopically light carbon to the source of the DIC. Thus, the
precipitating carbonate would be enriched in 12C and display lighter δ13Ccarb values. The δ13Ccarb
values suggest that the dissolved oxygen concentration was relatively high during the deposition
of the sediments in WV-6 core.
Moreover, in OI-Shale Zone (Fig. 7f), more negative δ13Ccarb values (~ −6.4‰) were
observed in WV-6 compared to WV-7 (~ −4.9‰) and could be due, once again, to the
intermittent oxygenated conditions during the shale deposition, which promote the isotopically
lighter CO2 generated from the deposited organic matter, resulting in more negative isotopic
compositions in the WV-6 carbonate. In contrast, OR-Shale Zone in WV-6 (Fig. 7e) displays
average δ13Ccarb values that are significantly higher (~ −2.9‰) due to strongly anoxic/euxinic
environments, which generated less isotopically light CO2 from altered organic matter. However,
the average δ13Ccarb values in WV-7 are nearly consistent between OR- and OI-Shale Zones,
suggesting that the sediments were deposited under persistently anoxic conditions.
Ocean margins and continental-type seaways can also influence δ13Ccarb in DIC
(Holmden et al., 1998). The inorganic carbon near the basin margin can be easily influenced by
input from groundwater and surface waters that are typically depleted in 13C relative to open
marine carbon (Freeman, 2001). Therefore, the lighter δ13Ccarb values in WV-6 core could also
suggest the increasing influx of fresh water from the land area during the deposition. This further
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supports our hypothesis that WV-6 site was closer to the basin margin compared to WV-7 at the
time of deposition.
Nitrogen isotope ratios (δ15N)
The nitrogen isotope in marine sediments is a reliable proxy for reconstructing the redox
states in the water column (e.g. Altabet and Francois, 1994; Ganeshram et al., 1995, 2000, 2002;
Calvert et al., 2001; Jenkyns et al., 2001; Kienast et al., 2002; Altabet, 2006; Quan et al., 2008;
Quan et al., 2013a, b). In the WV-6 core, the fluctuation in δ15N values for the entire core is
relatively large (ranging from −2‰ to +1.4‰) compared with the WV-7 core (ranging from −1.3‰
to +0.8‰) (Fig. 7g). In particular, the δ15N values in OR-Shale Zone range from −2‰ to +1.4‰
in WV-6 while in WV-7 they only range from −0.9‰ to +0.6‰ (Fig. 7h). In OI-Shale Zone, the
δ15N values vary between −1.8‰ and 0.6‰ in WV-6 core while range from −1.3‰ to 0.8‰ in
WV-7 core (Fig. 7i).
A well-preserved δ15N signal reflects two dominating local processes superimposed on
the average ocean δ15N signal: 1) nitrogen fixation, which results in a small, depleted δ15N value
of nitrate; and 2) water column denitrification, which contributes to enriched δ15N values of
residual nitrate (Quan et al., 2008). Since nitrifying bacteria are aerobes, while denitrifiers are
anaerobes, sedimentary organic nitrogen isotope signatures can indirectly reflect the redox
conditions of the water column at the time of deposition (Quan et al., 2008). When there is little
to no oxygen in the water column, nitrate can hardly be formed and, as a result, δ15N value is
close to 0‰. As oxygen concentration increases, nitrate concentration rises, leading to an
increase in the levels of denitrification. This process removes isotopically light nitrate, leaving
the residual nitrate enriched in heavier 15N, which contributes to positive δ15N in the organic
matter produced (Quan et al., 2008; Quan et al., 2013b). Therefore, the relatively large variation
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of δ15N values in WV-6 Marcellus core suggest stronger oscillating redox conditions during the
shale deposition, which can be attributed to vertical movement of the anoxic/oxic interface as it
impinged on the Appalachian basin margin. In contrast, Marcellus deposition at the WV-7 core
site is interpreted to have occurred in a deep basin environment that was density stratified with
the bottom water remaining predominantly anoxic.
Geochemical analysis
For comparison of geochemical characteristics both cores are divided into two broad
groups (i.e. Shale Zone including OR-, OI- and OP-Shale Zones and Carbonate Zone including
Purcell and the Cherry Valley limestones). Ti/Al ratios have been widely used as an indicator of
sedimentation rate (Murphy et al., 2000; Rimmer et al., 2004). Ti often occurs independently as
silt- and sand-sized minerals such as ilmenite, rutile and augite (Shimmield, 1992). Therefore, a
higher Ti/Al may indicate the presence of Ti-bearing heavy minerals often associated with
coarse-grained sediments (Schmitz, 1987), and can be used as a proxy for higher clastic influx.
Ti/Al ratios in WV-6 and WV-7 cores are plotted in Fig. 8a. Relatively higher Ti/Al were
observed in both shale and carbonate intervals in WV-6 compared to WV-7. This suggests more
Ti-containing heavy minerals were buried with sediments during the deposition of sediments at
the core location. This higher Ti/Al ratio would imply a greater supply of terrestrial clastic input,
indicating that the core site of WV-6 was located near the shelf margin of the basin. Likewise,
the relatively low Ti/Al ratios in the WV-7 Marcellus core suggest a lower rate of clastic input
and a location close to the center of the basin.
Calcium (Ca), magnesium (Mg) and manganese (Mn) are positively correlated with the
carbonate carbon contents. These elements were normalized to Al and plotted in Fig. 8b, 8c and
8d. In the shale and carbonate intervals, higher average Ca/Al, Mg/Al and Mn/Al ratios were
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observed in WV-7, which reflects the higher carbonate content in the Marcellus Shale at this
location. Carbonate precipitation usually occurs in open marine environments where there is low
clastic input into the water. Clastic input increases the turbidity of the water and prevents
sunlight from penetrating. Moreover, siliciclastic minerals have greater hardness than carbonate
minerals and tend to abrade the carbonates (Armenteros and Huerta, 2006). Thus, the higher
carbonate content in the WV-7 Marcellus core is another line of evidence supporting deposition
in an open marine setting where the organic matter accumulation was not greatly influenced by
clastic influx. On the other hand, Marcellus deposition at the WV-6 site occurred on the basin
margin more proximal to land, where it presumably experienced periodic episodes of clastic
sediment input from storms and runoff, leading to the lower average Ca/Al, Mg/Al and Mn/Al
ratios observed in the WV-6 core.
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Figure 8: Average major and minor element ratios in shale and carbonate zones of two cores
WV-6 and WV-7.
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Although the nitrogen isotope measurement clearly records the differences in redox
conditions between WV-6 and WV-7, it is critical to connect the nitrogen isotope results to the
trace metal results. The behavior of trace metals has been extensively investigated in modern
marine environments under a wide range of benthic oxygen levels. Several metallic elements like
Mo, Cr, Fe, V, Ni, Th and U are known to be highly concentrated in black shales (e.g. Hatch and
Leventhal, 1992; Calvert and Paderson, 1993; Jones and Manning, 1994; Crusius et al., 1996;
Dean et al., 1997; Morford et al., 2001; Algeo and Maynard, 2004; Quan et al., 2008; Leventhal,
2009). Their accumulations are mostly related to the anoxic or euxinic conditions at the time of
deposition, therefore, those elements are considered to be redox-sensitive elements. Previous
studies have used Al-normalized elemental ratios such as Cu/Al (Calvert et al., 1996; Calvert and
Pedersen, 1993; Rimmer et al., 2004) and trace element ratios such as V(V+Ni), V/Cr, Ni/Co,
U/Th (Hatch and Leventhal, 1992; Jones and Manning, 1994; Rimmer et al., 2004) to evaluate
redox conditions.
Ni and V are known to occur in tetrapyrrole structures that can be preserved well under
anoxic conditions (Lewan and Maynard, 1982; Algeo and Maynard, 2004; Tribovillard et al.,
2006). They suggest that the ratio of V to Ni in crude oil, which is unaltered by diagenesis,
indicates the environmental conditions at the time of deposition. Hatch and Leventhal (1992)
suggested that V/(Ni+V) greater than 0.84 represent euxinic conditions, while ratios between
0.54 and 0.82, and 0.46-0.60 represent anoxic and dysoxic conditions, respectively. In our study
the samples from Shale Zone in WV-7 (Fig. 8e), display significantly higher V/(V+Ni) (average
= 0.69) compared to the Shale Zone in WV-6 core (average = 0.57), which indicates that more
anoxic conditions prevailed during Marcellus black shale deposition at the WV-7 location.
However, the V/(V+Ni) is slightly higher (average = 0.6) in the WV-6 core than in the WV-7
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core (average = 0.55) during the Marcellus carbonate deposition. In addition, Lewan and
Maynard (1982) suggested that extremely high V and Ni concentrations (>100 ppm) only occur
in bitumen that is associated with Type I and II kerogen, whereas relatively low V and Ni
concentrations (<100 ppm) are derived from bitumen that is associated with Type III kerogen.
The Marcellus Shale core samples from WV-7 have V and Ni concentrations greater than 100
ppm, whereas the V and Ni concentrations in a number of Marcellus shale core samples from
WV-6 are less than 100 ppm (Table 1S). This indicates that the Marcellus at the WV-7 location
contains a greater proportion of marine organic matter associated with Type II kerogen which is
also supported by our carbon and nitrogen isotope results.
V/Cr is another useful indicator of bottom water redox conditions. V, initially
incorporated into tetrapyrrole structures, is more favorably accumulated under reducing
conditions (Calvert and Piper, 1984; Tribovillard et al., 2006; Soua, 2010). V may also be
adsorbed onto clay minerals during burial (Breit and Wanty, 1991) while Cr is thought to be
associated with the detrital fraction and is not influenced by redox conditions (Dill, 1986).
Therefore, high V/Cr ratios indicate anoxic conditions during deposition. In our study, V/Cr
ratios are high in WV-7 core, particularly in the Shale Zone (Fig. 8f), implying anoxic conditions
during deposition in basin-center; however, relatively low ratios in the WV-6 core may suggest
dysoxic or alternating anoxic and dysoxic bottom water conditions nearer the basin margin
during deposition of Marcellus.
U/Th have also been used as excellent redox indicators (Dill, 1986; Jones and Manning,
1994; Rimmer et al., 2004). The U concentration is dependent on redox conditions. In oxygendeficient or reducing environments U(VI) is reduced to U(IV) ,which is insoluble and becomes
fixed onto sediments (Algeo and Maynard, 2004; Tribovillard et al., 2006). In contrast, Th is
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relatively immobile and is associated mostly with insoluble detrital clay minerals or heavy
minerals (Anderson et al., 1983). Therefore, higher U/Th values (>1.25) indicate deposition in
anoxic conditions and lower values (<0.75) result from oxic environments (Jones and Mannings,
1994). In our study (Fig. 8g), high U/Th ratios were observed in the Marcellus Shale in the WV6 and WV-7 cores (above ~2), suggesting anoxic depositional conditions. But the WV-7 core
displays a much higher U/Th ratio (3.97), suggesting more anoxic (euxinic) environments during
the shale deposition.
Molybdenum (Mo) is another widely-used indicator for identifying anoxic/euxinic
conditions. Mo has a very low concentration in seawater (~10 ppm), but has been shown to be
highly concentrated in marine sediments deposited under anoxic/sulfidic environments (Emerson
and Huested, 1991; Werne et al., 2002; Lyons et al., 2003; Algeo and Maynard). The enrichment
of Mo is usually associated with sulfate reduction under anoxic conditions because Mo content is
directly controlled by availability of dissolved sulfide (Helz et al., 1996). The most probable
means by which this element is transferred from the water column to the sediment is by rapid
uptake as authigenic sulfides (Bodin et al., 2007). However, in our study, Mo was not effective
for determining the bottom water conditions. Mo/Al ratios are very similar in the shale intervals
of both Marcellus cores in WV-6 and WV-7 (Fig. 8h), which is inconsistent with other redox
proxies. One possible explanation could be a greater influx of Mo during Marcellus time to the
WV-6 site compared to WV-7. Harris (2013) suggested that the Mo recharge from the global
ocean varies with the degree of restriction across barriers. Mo can be highly concentrated under
weakly anoxic environments from a combination of greater Mo availability from the global
oceans, and enhanced Mo transport to the sediment-water interface via Fe-Mn redox cycling
(Algeo and Lyons, 2006). The high Mo/Al ratio in WV-6 may be possibly attributed to the

29

greater Mo availability due to nearshore currents bringing in a constant supply from the larger
ocean during the weakly anoxic conditions, whereas the WV-7 core site was in a more distal,
strongly anoxic, stagnant part of the basin without an adequate resupply of Mo. Another possible
explanation could be the redox condition was too sulfidic during the deposition of black shale in
the WV-7 core site, leading to depletion of the aqueous Mo reservoir, and therefore less Mo
burial in this core (Algeo and Lyons, 2006; Quan et al., 2013).
CONCLUSIONS
The isotopic and geochemical data suggest that during deposition of the Marcellus Shale,
the WV-6 core was located near the basin margin and relatively close to clastic sediment supply
sources. This led to an increased input of land-derived sediment, along with a greater percentage
of woody, terrestrial Type III kerogen, which tends to generate gas primarily when thermally
cracked during deep burial. The oscillating redox conditions were also favorable for the
accumulation of Type III kerogen. Along with a higher level of thermal maturity, terrestrial
organic matter is responsible for the predominantly dry gas content of the Marcellus Shale at the
WV-6 location.
Deposition of the Marcellus Shale at the site of the WV-7 core was relatively far from the
sediment source areas, probably in an open marine environment with stagnant bottom waters and
persistent anoxia. Such conditions were favorable for the accumulation of Type II kerogen,
primarily derived from marine algae and phytoplankton within the water column. This marine
organic material contains lipids, which tend to generate both liquids and gas during the thermal
cracking processes. Lower thermal maturity and the predominance of Type II kerogen in the
Marcellus Shale at the WV-7 site are responsible for the natural gas liquids production associated
with shale gas wells in this location.
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These interpretations are supported by multiple lines of evidence including the higher
Ti/Al in the Marcellus interval from WV-6 core, suggestive of a higher content of land-derived
sediment. The relatively lower Ca/Al, Mg/Al and Mn/Al ratios present in this core are also
indicative of a higher clastic influx during the deposition of sediments. The WV-7 core site
received less terrestrial sedimentary input as is supported by the observed changes in detrital or
detrital-influenced elements. For instance, average Ti/Al decreased from WV-6 to WV-7,
whereas average Ca/Al, Mg/Al and Mn/Al ratios increased significantly due to high carbonate
precipitation at the open water WV-7 site.
The predominantly terrestrial source of organic carbon in the WV-6 Marcellus core is
indicated by the lighter δ13C values in the organic matter compared to the WV-7 core. Less
clastic input contributed to lower terrestrial organic matter influx, resulting in a large proportion
of marine organic matter within the Marcellus in the WV-7 core.
Preservation of the organic matter in shale requires dysoxic or anoxic conditions at the
sediment-water interface. The high concentration of redox-sensitive elements such as V/(V+Ni),
V/Cr and U/Th in the WV-7 core indicates persistent anoxic conditions in bottom waters during
Marcellus deposition at the WV-7 site. The Marcellus sediments at the WV-6 location appear to
have experienced short-term oxic/anoxic fluctuations in view of the relatively low concentrations
of redox-sensitive elements. High variability of δ15N values in the WV-6 Marcellus core is
interpreted to indicate a range of conditions from suboxic to anoxic, with infrequent sulfidic
conditions in the water column. These oscillating redox conditions were still effective at
preserving organic matter, as evidenced by the presence of black shale in this core, but they also
show that depositional environments were quite different between the WV-6 and WV-7 sites.
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The distinct isotopic and geochemical signatures can be used to identify the environment
of deposition for the Marcellus Shale in cores WV-6 and WV-7 which, in turn, controls the types
of hydrocarbon (liquids or gas) produced from the Marcellus Shale. This study confirms that
isotopic and geochemical assessments can be used to correlate and regionally map liquids and
gas rich reservoirs in this basin. Besides the carbon isotopic signature in bulk organic matter,
isotopic composition of biomarkers are more precise tools in determine the sources of organic
matter in black shales. Certain organic compounds are excellent indicators of sources of organic
matter as they retain their biological heritage (Meyers, 1993). For example, terrestrial organic
matter can be distinguished from marine organic matter by higher abundance long chain, C27, 29,
31n-alkanes and lower sterane/hopane ratios (Maynard, 1980; Calvert et al., 1996). Thus, the
future work will focus on isolation of biomarkers and their isotopic analysis in order to better
understand the different sources of organic matter preserved in the Marcellus Shale.
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ABSTRACT
Geochemical, isotopic and petrographic analyses were performed on a 30-m core of the
Marcellus Shale obtained from Greene County, Pennsylvania, to understand the dominant
controls on organic matter deposition in the black shale study units. Our study suggests that the
regeneration of nutrients, such as nitrogen (N) and phosphorous (P), may have played a key role
in the formation of organic carbon (OC)-rich intervals in the Marcellus Shale. The
decomposition of organic matter is likely to have released N and P into the water column, and
the episodic upward mixing of these nutrient-enriched waters enhanced primary production,
resulting in the formation of OC-rich intervals in the Marcellus Shale. The ratios of Corg/Nbulk
and Corg/Ptot are significantly higher in the OC-rich zone of the core (i.e., defined as TOC > 4%
and located between 2393 and 2406.5 m depth). The high Corg/Ptot and Corg/Nbulk ratios of the
preserved organic matter may reflect the release of N and P by microbial processes, indicating
the recycling of nutrients during deposition of the OC-rich interval. In addition, our data show a
positive relationship between the Corg/Ptot and Corg/Nbulk ratios and the organic carbon content,
which indicate that the recycled nutrients may have promoted primary productivity, resulting in
higher OC accumulation in some intervals. The geochemical and stable isotopic results also
suggest that the alternating redox conditions in the water mass were favorable for nutrient
regeneration. Highly variable trace metal concentrations (e.g., U, Mo, V) in the OC-rich zone
and a wide range of δ15N and δ34Spyr values towards the top of the OC-rich zone suggest
fluctuations between anoxic and suboxic water conditions. Finally, sedimentary features and
agglutinated benthic foraminifera in the OC-rich zone support the existence of short-term
fluctuations between suboxic and anoxic conditions near the sediment-water interface. Multiple
lines of evidence suggest that conditions were not permanently anoxic during the formation of
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OC-rich interval and that nutrient regeneration may have played an important role in the
formation of these intervals in the Marcellus Shale.
INTRODUCTION
Organic carbon-rich (OC-rich) shales or “black shales” are dark-colored shales
containing organic matter and silt- to clay-sized mineral grains (Swanson, 1961; Aller, 1994).
OC-rich shales have been found around the world and are known to have high hydrocarbongenerating potential. The dominant factors that control the deposition of organic matter in black
shales, however, are still highly debated. Previously, most discussions have primarily focused on
“productivity” versus “preservation” models (e.g., Demaison and Moore, 1980; Pedersen and
Calvert, 1990). The “preservation” model suggests that bottom-water anoxia and consequent
organic matter accumulation is induced by a permanently stratified water column (e.g.,
Demaison and Moore, 1980), whereas the “productivity” model suggests that high organic matter
concentration primarily results from elevated primary productivity. In the productivity model,
anoxic bottom water conditions are, therefore, the consequence rather than the cause of organic
matter enrichment (e.g., Pedersen and Calvert, 1990; Calvert et al., 1992). However, numerous
recent studies have demonstrated that the deposition of organic matter in black shales is
controlled by the interplay of multiple factors, including primary productivity, bottom water
redox conditions, rate of clastic influx and the activity of degradation processes (e.g., Murphy et
al., 2000b; Werne et al., 2002; Sageman et al., 2003; Pichevin et al., 2004; Rimmer et al., 2004;
Tuite and Macko, 2013; Lash and Blood, 2014). Thus, it is unlikely that either the “preservation”
or “production” model alone can account for the organic matter accumulation and preservation in
black shales.
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The Middle-Late Devonian period marks the initiation of an extensive colonization of
land by higher plants that possibly enhanced physical/chemical-weathering rates (Algeo and
Scheckler 1998). Berner (1997) suggested that an increasing abundance of higher plants would
have enhanced the removal of CO2 from the atmosphere, resulting in significantly higher silicate
and carbonate mineral weathering rates. This would have increased land-derived nutrient influx
into sedimentary basins, resulting in higher primary productivity and a subsequent increase in
OC burial during this geological period (Algeo et al., 1995; Sageman et al., 2003). However, the
actual mechanism that promoted the deposition of OC-rich intervals and controlled the temporal
heterogeneity still remains contentious and poorly understood in the Marcellus Shale.
The OC-rich shales in the Appalachian basin have been studied for many years and are
considered to have been deposited in anoxic-sulfidic water conditions under a permanent
pycnocline (e.g., Byers, 1977; Ettensohn and Barron, 1981; Ettensohn, 1985a, b; Brett et al.,
1991; Murphy et al., 2000a, b). However, evidence from recent studies suggests that the water
column stratification principally resulted from seasonal thermoclines rather than a permanent
pycnocline (e.g., Werne et al., 2002; Macquaker et al., 2009; Schieber, 2009; Boyce and Carr,
2010). The basin was at shelfal depths and had an open connection with the global ocean. The
maximum water depth was approximately 100 meters, but it shallowed considerably towards the
southwestern and western margins of the Appalachian basin (probably to a few tens of meters),
and silled margins existed in these areas (Schieber, 1994; Algeo et al., 2007). Extensive drilling
of the Marcellus Shale over the last eight years has resulted in the availability of a large number
of cores and subsurface data. This provides an opportunity to better understand the factors that
control the distribution of organic matter in our study units.
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Werne et al. (2002) and Sageman et al. (2003) employed geochemical methods (e.g.,
carbon isotope, trace elements) to study the Marcellus Shale preserved in cores recovered from
western New York. However, the Union Springs Shale (i.e., the lower shale unit within the
Marcellus Shale) is largely missing in western New York because the shale member pinches out
in western Ohio, northeastern Pennsylvania and western New York due to sea-level fluctuations
and the paleo-topography inherited from the underlying Onondaga Limestone (Kohl et al., 2014).
Therefore, Werne et al. (2002) and Sageman et al. (2003) primarily focused on depositional
processes within the Oatka Creek Shale (i.e., the upper shale unit within the Marcellus Shale).
Here we study a Marcellus Shale core recovered from southwestern Pennsylvania (Fig. 1) in
which the Union Springs Shale is thicker (~10 m), providing a higher resolution record of
paleoredox changes during the transition from the Onondaga Limestone to the Marcellus Shale.
Additionally, in contrast to previous studies, we utilized nitrogen and sulfur isotopes and
integrated sedimentary and petrographic characteristics to provide critical constraints for
understanding processes that might have played a key role in the organic matter production and
preservation.
It has been suggested that nitrogen (N) and phosphorous (P) are preferentially released
relative to carbon under alternating redox conditions (Aller, 1994; Anderson et al., 2001; Werne,
2007). Episodic mixing of nutrient (N and P)-enriched waters can potentially lead to enhanced
photic zone productivity. Here we employ multiple proxies, including carbon/nitrogen/sulfur
isotopes, redox sensitive elements (e.g., Mo, U, V), and sedimentary and petrographic
characteristics to assess the potential role of nutrient recycling and alternating redox conditions
in the accumulation of organic matter within the Marcellus Shale.
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Regional stratigraphy
The Marcellus Shale overlies the Onondaga Limestone and is overlain by the
Mahantango Shale in most of western and central Pennsylvania (Fig. 1). The Marcellus Shale is
a predominantly gray-black to black thinly laminated fissile pyritic OC-rich shale (Boyce and
Carr, 2010). TOC values range from 0.3 to 11 weight percent (wt %) (Nyahay et al., 2007). The
Marcellus Shale is divided into two shale members, the lower Union Springs Shale, and the
upper Oatka Creek Shale, which are separated by the Purcell/Cherry Valley Limestone (Werne et
al., 2002; Segaman et al., 2003). The Union Springs Shale, the most organic-rich and gasproductive part of the Marcellus Shale (Soeder et al., 2014), consists of black shale, gray
mudstone, siltstone, and limestone (Cooper, 1930). The Oatka Creek Shale contains less organic
matter but has a higher clay content than the Union Springs Shale, and commonly contains
abundant siderite concretions (Engelder, 2008; Bruner and Smosna, 2010). Carbonate
concretions can be observed in both shale members (Lash and Blood, 2014). Lash and Engelder
(2008, 2011) interpret the Purcell and Cherry Valley limestones to be equivalent; however, de
Witt et al. (1993) and Werne et al. (2002) show that the Purcell and Cherry Valley limestones are
separate members. In our studied core, the Purcell Limestone and Cherry Valley Limestone are
separate members: the Cherry Valley Limestone (~2401 m) lies between the Union Springs and
Oatka Creek shales, whereas the Purcell Limestone is within the Oatka Creek Shale (~ 2383 to
2384 m), dividing it into upper and lower Oatka Creek Shale units (Fig. 1). Conodont
biostratigraphy for the Marcellus Shale in the outcrop belt indicates a mid-upper Eifelian to
lower Givetian age (398-392 Ma) (Becker et al., 2012). However, our volcanic ash ages near the
base of the Marcellus range from 396 ±2 Ma to 389 ±3 Ma, which indicates that the basal
Marcellus Shale in our study units was deposited diachronously in the basin (Parrish, 2013).
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Fig. 1. The location and the stratigraphic column for the WS core, Pennsylvania. The
stratigraphic column shows the gamma-ray log and the sampled intervals for the petrographic
analysis of the core. Note: There was an approximate 9-foot (~2.7 meter) difference between the
well log depth and the core depth due to stretching of the drill string during drilling operations.
Well log depths have been corrected to core depths in this study.

SAMPLING AND METHODS
Site location and sample preparation
We obtained core samples from the 30-m-thick Whipkey State #1 (WS) core that was
drilled in September 2008 by Eastern American Energy Corporation, API number 3705924715.
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This core is currently curated by the West Virginia University Department of Geology and
Geography. The surface location of this well is in Greene County (Latitude: 39.9235415,
Longitude: −80.0033923), in southwestern Pennsylvania. There is an approximate 9-foot (~2.7
meter) difference between the well log depth and the core depth, due to differences in the
stretching of the drill string during drilling operations. In the WS core, 30 samples were collected
for carbon and nitrogen isotope and geochemical analyses based on lithological characteristics
and well log characteristics, such as abrupt changes in the gamma ray, as well as the changes in
rock types, color, hardness and physical characteristics of the core. The presence of notable gaps
in the sample record, particularly below the Purcell and Cherry Valley limestones is because
those sections are missing from the core due to incomplete core recovery. Samples were
collected from the inner part of the core using a chisel and hammer. The samples were ground to
homogenous powder prior to stable isotope and geochemical analyses.
Analytical methods
Carbon and nitrogen isotope analyses were performed by the Stable Isotope Laboratory at
West Virginia University. Carbon isotopic compositions of carbonate were measured using a
GasBench Device online with a Delta Advantage gas isotope ratio mass spectrometer. For the
organic carbon and nitrogen isotope measurement, the finely ground samples were treated with 1
mol/L hydrochloric acid (HCl) to remove the carbonate component. The acidified samples were
rinsed 6–7 times with distilled water followed by centrifugation and were then dried in an oven
at a temperature of 50°C. The dual C and N isotope analysis was conducted on a Costech ECS
4010 combustion elemental analyzer (EA), coupled to a Delta Advantage isotope ratio mass
spectrometer via a ConFlo IV interface. The measurement precision was assessed by a replicate
analysis of samples and internal lab standards and was better than ±0.1‰ for δ13C and ±0.2‰ for
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δ15N. The δ13C and δ15N values of the internal laboratory normalization and check standards
were calibrated against their respective IAEA standards (i.e., NBS 18, NBS 19 and LSVEC for
the δ13C of carbonates; USGS 40 and USGS 41 for the δ13C and δ15N of organics), and the values
are reported in per mil (‰) relative to V-PDB and AIR, respectively.
The nitrogen and organic carbon concentrations (Nbulk and Corg) were also measured
using a Costech ECS 4010 combustion EA with the decarbonated samples. The Corg and Nbulk
contents were determined with a precision of ±0.5% for Corg and ±0.1% for Nbulk.
Measurements of trace elements were performed by Activation Laboratory in Canada.
The elements were measured using the peroxide fusion method. In this method, the sample is
oxidized by sodium peroxide (Na2O2). Fused samples are diluted and analyzed using a
PerkinElmer SCIEX ELAN 6000 ICP/MS. A fused blank is run in triplicate for every 22 samples.
Controls and standards fused with samples are run after the 22 samples. Fused duplicates are run
every 10 samples. The instrument is recalibrated every 44 samples. International standards of
GXR-4 and OREAS 101a were used to monitor the analytical quality. The accuracy was
estimated to be less than 8% for all elements except for Ni (16%). The precision of the
measurement was better than 5% for all elements except for Cr (10%).
For measuring the sulfur isotopic composition of both pyrite (δ34Spyr) and carbonateassociated sulfate (δ34SCAS), 16 samples (~3 g) were selected for extraction. Samples were
selected based on gamma ray logs, lithological characteristics and TOC. The sulfur extraction
procedure was followed according to the method of “chromium reduction” (Canfield et al., 1986).
A brief protocol is provided here. (1) Elemental sulfur was removed within 24 hours in a Soxhlet
apparatus at 50°C with dichloromethane (DCM) and copper pellets. Next, the residual DCM-
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extracted sediments were placed in an oven for 48 hours. (2) The samples were further slowly
treated with 20 ml of 6N HCl while bubbling the solution with argon and stirring with a
magnetic stirrer bar. This process aimed to remove the acid-volatile monosulfides (AVS
extraction). (3) For the sulfate sulfur determination (δ34SCAS), the sediment and the HCl mixture
from the AVS extraction were centrifuged. The filtered solution was then placed in a clean
beaker, and the pH was raised to 10 by adding NaOH pellets on a hot plate and then left to stand
overnight. (4) The solution was filtered to remove irons, iron oxides, etc. (5) Several drops of
concentrated HNO3 were added to the filtered solution to lower the pH to 4, then 5 ml of 0.2 M
Ba(NO3)2 was slowly added and stirred. This solution was allowed to stand for several hours
until no more white precipitate (BaSO4) formed. Filtered and dried BaSO4 precipitate was
retained for sulfate sulfur analysis. (6) Finally, the filtered sediments from the AVS extraction
were prepared for pyrite sulfur (δ34Spyr) analysis. The sediment residue was treated with a
mixture of 20 ml of 12N HCl and 20 ml of 1 M CrCl3 under argon to dissolve the pyrite. The
silver sulfide precipitate was placed in an oven to dry and then weighed to determine the final
mass. Isotope analysis was performed by the Environmental Isotope Laboratory at the University
of Arizona. The results were reported versus the Canyon Diablo Troilite (CDT) meteoritic sulfur
standard and were generally reproducible within ±0.15‰.
Ten samples from this core were selected for petrographic analysis based on their
variations in lithological characteristics, TOC and isotope results (Fig. 1). Polished, thin sections
for this study were prepared by a commercial lab, McCrone Microscopes & Accessories, in
Westmont, Illinois. The thin sections were studied using a Nikon Optiphot petrographic
microscope and a Leica M-series microscope. Pyrite framboid diameters were analyzed in 7 thin
sections under reflected light using NIS-Elements Basic Research software. The diameters of at
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least 100 framboids from each sample were measured. In each sample the minimal, maximal and
average diameter of framboids were measured, the standard deviation of the diameters was
calculated and the percentage of pyrite framboids with a diameter ≥ 10 μm was calculated.
GEOCHEMICAL PROXIES-BACKGROUND
Productivity and nutrient recycling proxies
Provided that samples preserve a primary marine carbonate carbon isotopic signature
(δ13Ccarb), δ13Ccarb are useful to evaluate the primary productivity of many units (e.g., Arthur et
al., 1988; Louis-Schmid et al., 2007; van Hengstum and Grocke, 2008; Spofforth et al., 2010;
DeBond et al., 2012; Chen et al., 2015). The higher photosynthetic rates would preferentially
remove lighter 12C from the surface water, leaving the dissolved inorganic carbon (DIC) pool
enriched in 13C, resulting in a higher δ13C of the precipitating carbonate. Alternatively, oxidation
and remineralization of organic matter release lighter 12C back into inorganic carbon reservoir,
resulting in lower δ13C of the precipitating carbonate (Freeman, 2001). In addition to the
biological factors noted above, δ13Ccarb is also influenced by ocean margins and continental-type
seaways (Holmden et al., 1998). The inorganic carbon near the basin margin can be easily
influenced by input from groundwater and surface waters that are typically depleted in 13C
relative to open marine carbon (Freeman, 2001; Chen et al., 2015). However, diagenetic
influences can also affect δ13Ccarb signature, particularly microbial cycling of methane, which is
strongly depleted in 13C relative to other carbon substrates (see Section 6.3.).
Carbon isotopic values of organic carbon (δ13Corg) can also be used to evaluate the
primary productivity (e.g., Arthur et al., 1988; Bonis et al., 2010; DeBond et al., 2012). Higher
productivity in the photic zone decreases the isotopic fractionation between DIC and marine
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organic matter, resulting in higher δ13Corg values. However, the higher δ13C in the organic matter
could be attributed to the changes in organic matter sources. During the Devonian period, marine
organic matter is believed to have lighter δ13Corg values of approximately −30.5‰ compared to
terrestrial organic matter (−25‰ to −26‰) (Maynard, 1981; Jaminski et al., 1997, 1998).
Significant increases in C/N or C/P ratios suggest either variations in the organic matter
source (marine versus terrestrial-dominated organic matter) or the preferential release
(remineralization of bio-limiting nutrients) of N and P from the sediments to the water column
(e.g., Ingall et al., 1993; Ingall and Jahnke, 1994, 1997; Clark et al., 1998; Algeo and Ingall,
2007; Tuite and Macko, 2009, 2013). This is plausible because marine phytoplankton
incorporate N, P and C into their biomass at an approximate ratio of 106C:16N:1P (Redfield,
1942). Previous studies (e.g., Aller, 1994; Anderson et al., 2001; Benitez-Nelson et al., 2004;
Ingall et al., 2005; Werne, 2007) suggested that under alternating redox conditions, N and P are
preferentially released relative to C and remineralized into inorganic N and P. This mechanism
appears to be related to the prevention of sorption of inorganic N and P species to clays in
sediments under alternating redox conditions (Werne, 2007). The lower sorption of the inorganic
N and P species onto clay particles preclude their preservation in sediments. Episodic watercolumn mixing makes nutrients (released from sediment) available for biological utilization,
contributing to higher primary production and the increased delivery of organic matter to the
sediment-water interface.
Redox proxies
Bulk sedimentary nitrogen isotopic compositions (δ15Nbulk) can indirectly reflect the
redox conditions of the water column at the time of deposition (e.g., Altabet and Francois, 1994;
Ganeshram et al., 1995, 2000, 2002; Calvert et al., 2001; Jenkyns et al., 2001; Kienast et al.,
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2002; Altabet, 2006; Quan et al., 2008; Sigman et al., 2009; Quan et al., 2013a,b). Nitrogen
fixation, nitrification, nitrogen assimilation, denitrification, and anammox are the primary
nitrogen reactions that occur under different redox conditions (Sigman et al., 2009). Because
denitrification and anammox both remove nitrogen from the water column under similar redox
conditions (Sigman et al., 2009; Quan et al., 2013a, b), we refer to both reactions simply as
“denitrification”. In brief, water column denitrification is predominant under suboxic conditions
and the isotope fractionation factor associated with this reaction is relatively large, resulting in
enriched δ15N values of residual nitrate (Altabet, 2006; Quan et al., 2008, 2013b). Under anoxic
conditions, nitrification is minimal, thus, the amount of denitrification is very low. Therefore,
δ15N values are similar to that of nitrogen fixation, which has small fractionation resulting in
slightly depleted δ15N values in the produced organic matter (Quan and Falkowski, 2009; Quan
et al., 2013b; Tuite and Macko, 2013). Oxic conditions inhibit denitrification, and other nitrogen
reactions (nitrification, nitrogen fixation and nitrogen assimilation) are predominant, resulting in
lower δ15N values in the organic matter (Talbot, 2001; Altabet, 2006; Quan et al., 2008, 2013b).
Numerous studies indicate that the δ34S values of syngenetic pyrite (δ34Spyr) faithfully
record the bottom water redox conditions during shale deposition (e.g., Berner, 1978; Berner and
Petsch, 1998; Lyons et al., 2009). Sulfate reduction under anoxic conditions is the principle
pathway of pyrite formation in marine sedimentary environments. As the fractionation associated
with the formation of pyrite from sulfide is less than 1‰ (Price and Shieh, 1979), the sulfur
isotopic composition of preserved pyrite primarily reflects the

34

S/32S ratios of the sulfide

produced during sulfate reduction (Böttcher et al., 1998, 2003). For syngenetic pyrite, uniformly
light δ34Spyr values reflect sulfate reduction in the presence of an infinite reservoir of sulfate
found in sediments deposited in anoxic waters (Calvert et al., 1996; Lyons 1997; Lyons et al.,
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2003). In such conditions, sulfate reduction occurs within the anoxic/euxinic water column, as
well as below the sediment-water interface (Suits and Wilkin, 1998; Böttcher et al., 2006), and a
large fractionation can occur even when the rate of sulfate reduction is high (Gautier, 1986). In
contrast, under fluctuating redox conditions the rate of pyrite sulfur burial is less than the
estimated rate for the re-oxidation of dissolved sulfides, resulting in more positive and variable
values of δ34Spyr (Gautier, 1986; Beier and Hayes, 1989). However, diagenetic pyrite is formed
within the sediment and hence is not a reliable indicator of the bottom water conditions (Large et
al., 2014).
Several trace elements, including U, Mo, Ni, Cu, and V, are considered to be redoxsensitive and have been extensively studied (e.g., Crusius et al., 1996; Dean et al., 1997; Rimmer
et al., 2004; Algeo and Lyons, 2006; Tribovillard et al., 2006, 2012; Calvert and Pedersen, 2007;
Algeo and Maynard, 2008; Quan et al., 2008; Algeo and Tribovillard, 2009; Lyons et al., 2009;
Algeo and Rowe, 2012; Quan et al., 2013a, b). These trace metals are usually strongly enriched
under anoxic/euxinic bottom water conditions and are also correlated with a high TOC content
(e.g., Calvert and Piper, 1984; Calvert and Pedersen, 1993; Morford and Emerson, 1999; Zheng
et al., 2000; Algeo and Maynard, 2004; Tribovillard et al., 2006; Calvert and Pedersen, 2007;
Algeo and Rowe, 2012). Under anoxic conditions, U is removed from the water column close to
or at the sediment-water interface and is precipitated as insoluble forms (UO2, U2O7, and U3O8)
(e.g., Algeo and Tribovillard, 2009; Morford et al., 2009). Mo, Ni, and Cu may be incorporated
into the insoluble forms, e.g., MoS2, NiS and CuS, and preserved in the sediments. In particular,
the enhanced Mo uptake by marine sediment is accelerated under sulfidic bottom water
conditions (e.g., Algeo and Maynard, 2004; Lyons and Severmann, 2006; Tribovillard et al.,
2006, 2012; Algeo and Tribovillard, 2009). V/Al is also a useful indicator of paleoredox
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conditions in bottom water as V uptake by marine sediment is favored under anoxic conditions
(Calvert and Piper, 1984; Dill, 1986; Tribovillard et al., 2006; Algeo and Maynard, 2008).
The size distribution of pyrite framboids in ancient sediments is a reliable measure of
paleoredox conditions during the time of deposition (e.g., Bond and Wignall, 2010; Wang et al.,
2012; Lash and Blood, 2014; Blood and Lash, 2015). Syngenetic pyrite framboids are considered
to be deposited under anoxic/euxinic conditions and usually have smaller diameters (<6 μm), and
less variable size distributions. However, larger pyrite framboids (>10 μm), having a more
variable size distribution, are formed in diagenetically altered sediments under oxic or dysoxic
conditions (Wang et al., 2012; Lash and Blood, 2014; Blood and Lash, 2015). These authors also
suggested that the rapid alteration between anoxic and suboxic conditions are recorded as “timeaveraged framboid size distribution” composed of abundant small framboids and a small number
of larger framboids (e.g., Bond and Wignall, 2010; Blood and Lash, 2015).
RESULTS
Organic carbon and bulk nitrogen content (Corg & Nbulk)
The Corg values are very high in the basal part of the Marcellus Shale, with a maximum
value of 9 wt % (Table S1, Fig. 2). At a depth of 2393 m, both the Corg and Nbulk values increase
sharply. The highest Corg values of this interval are between 2393 and 2406.5 m core depths,
which corresponds to the interval with the highest gamma ray values. Therefore, this interval is
defined as the OC-rich zone in the WS core. In the OC-rich zone, the Cherry Valley Limestone
(~2401 m) has a relatively low organic carbon content (Corg = 4.9 wt %) and low gamma ray,
thus separating the OC-rich zone into lower (Unit 1, at 2406.5-2401 m) and upper zones (Unit 2,
at 2401-2393 m). The Corg values decrease markedly and are relatively stable at approximately 3
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wt % in the non OC-rich zone (Unit 3, at 2393-2375 m). The Nbulk values are less variable but are
slightly higher in Units 1 and 2 (ranging from 0.2 to 0.5 wt %, averaging 0.3±0.1 wt %), whereas
the Nbulk values in Unit 3 range from 0.1 to 0.3 wt % (average = 0.2±0.1wt %) (Table S1, Fig. 2)

Fig. 2. Organic carbon content (Corg), bulk nitrogen content (Nbulk), Corg/Nbulk and Corg/Ptot
profiles for the WS core. On = Onondaga Limestone; US = Union Springs; CV = Cherry Valley
Limestone; OC = Oatka Creek; P.Ls = Purcell Limestone.
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Table S1
C‐N‐P elemental concentrations and ratios for the WS core.
Depth (m)
2375.8
2375.9
2377.8
2379.6
2380.8
2381.4
2382.9
2383.2
2386.0
2387.7
2389.0
2390.5
2391.5
2392.4
2393.0
2393.9
2395.1
2395.7
2396.0
2396.6
2397.4
2397.6
2398.2
2399.7
2401.1
2401.2
2404.0
2405.2
2405.8
2406.4

Sample ID
WS‐7794
WS‐7795
WS‐7801
WS‐7807
WS‐7811
WS‐7813
WS‐7818
WS‐7819
WS‐7828
WS‐7833
WS‐7838
WS‐7843
WS‐7846
WS‐7849
WS‐7851
WS‐7854
WS‐7858
WS‐7860
WS‐7861
WS‐7863
WS‐7865
WS‐7866
WS‐7868
WS‐7873
WS‐7877
WS‐7878
WS‐7887
WS‐7891
WS‐7893
WS‐7895

Corg (wt.%) Nbulk (wt.%)
2.4
0.21
3.0
0.30
1.9
0.25
3.9
0.28
3.5
0.25
3.2
0.31
1.9
0.28
3.0
0.26
2.4
0.26
2.6
0.27
2.8
0.27
2.8
0.22
3.1
0.27
2.8
0.20
3.4
0.22
7.5
0.43
5.6
0.27
6.1
0.33
7.5
0.24
8.8
0.33
6.6
0.32
5.6
0.33
5.0
0.35
5.5
0.25
5.3
0.31
4.9
0.30
8.0
0.30
9.0
0.30
6.0
0.26
9.0
0.51

Ptot (wt.%)
0.05
0.03
0.03
0.04
0.03
0.03
0.02
0.07
0.02
0.02
0.03
0.03
0.04
0.05
0.05
0.03
0.04
0.05
0.02
0.04
0.03
0.06
0.19
0.03
0.03
0.05
0.04
0.03
0.02
0.08

Corg/Nbulk
11.3
10.0
7.6
13.9
13.7
10.3
6.8
11.8
9.2
9.6
10.4
12.5
11.5
13.8
15.6
17.4
20.8
18.5
30.6
26.8
20.6
17.0
14.3
22.0
17.1
16.3
26.7
29.9
23.1
17.6

Corg/Ptot
49.0
107.1
57.6
108.3
102.9
114.3
82.6
46.2
114.3
108.3
112.0
96.6
73.8
60.9
63.0
227.3
160.0
122.0
357.1
225.6
264.0
88.9
26.5
220.0
196.3
108.9
222.2
300.0
300.0
113.9

Table S1: C-N-P elemental concentrations and ratios for the WS core.
C/N/P ratios
The Corg/Nbulk ratios are relatively high but variable in Units 1 and 2, ranging from 14.3 to
30.6 and averaging 21.3±5.1 (Table S1, Fig. 2). A high value of 29.9 is observed in Unit 1 at
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2405.2 m and a second peak appears Unit 2 at 2396 m. In contrast, the Corg/Nbulk ratios are stable
and consistently low in Unit 3, ranging from 6.8 to 15.6 (average = 11.2 ±2.5). The Corg/Ptot
ratios for the shale samples from Units 1 and 2 are highly variable with average Corg/Ptotal ratios
of approximately 200 (Table S1, Fig. 2), which is significantly higher than the average C/P ratio
of 106 for marine phytoplankton (Redfield, 1942). The Corg/Ptotal values display a greater range in
Unit 2. The Corg/Ptot ratios in Unit 3 are much lower compared to those of Units 1 and 2 (Fig. 2;
Table S1).
Stable isotopes
Stable isotope data are listed in Table S2 and plotted against depth in Fig. 3. Carbon
isotopic values of carbonate (δ13Ccarb) are relatively high in Units 1 and 2, which is similar to the
trend of the Corg values. In the basal part of the Marcellus Shale, δ13Ccarb values are relatively
high with a maximum of −1.9‰, and the values decrease abruptly to −10.2‰ at 2404 m and to
−9.2‰ at 2396 m (Fig. 3).In Unit 3, the δ13Ccarb curve generally trends in a negative direction
(averaging −6.7±3.3‰).
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Table S2
Carbon, nitrogen and sulfur isotopic measurements for the WS core.
Depth (m)
Sample ID
δ13Ccarb‰
δ13Corg‰
δ15Nbulk‰
2375.8
WS‐7794
‐13.1
‐30.2
1.2
2375.9
WS‐7795
‐29.7
1.9
2377.8
WS‐7801
‐5.7
‐29.6
1.6
2379.6
WS‐7807
‐7.8
‐29.8
2.3
2380.8
WS‐7811
‐8.4
‐30.1
1.3
2381.4
WS‐7813
‐29.5
2.6
2382.9
WS‐7818
‐28.9
2.4
2383.2
WS‐7819
‐12.6
‐30.1
0.9
2386.0
WS‐7828
‐6.3
‐29.8
2.8
2387.7
WS‐7833
‐6.6
‐29.4
2.8
2389.0
WS‐7838
‐5.7
‐29.4
3.6
2390.5
WS‐7843
‐5.5
‐30.2
1.2
2391.5
WS‐7846
‐7.2
‐29.7
2.5
2392.4
WS‐7849
‐6.1
‐30.2
‐1.1
2393.0
WS‐7851
‐5.6
‐30.1
‐0.6
2393.9
WS‐7854
‐4.9
‐30.2
‐0.1
2395.1
WS‐7858
‐3.6
‐30.0
‐1.5
2395.7
WS‐7860
‐2.5
‐29.5
2.0
2396.0
WS‐7861
‐9.2
‐29.8
1.0
2396.6
WS‐7863
‐2.8
‐30.0
‐0.2
2397.4
WS‐7865
‐5.7
‐29.6
1.8
2397.6
WS‐7866
‐1.7
‐29.9
1.3
2398.2
WS‐7868
‐3.4
‐30.1
1.7
2399.7
WS‐7873
‐4.2
‐30.8
‐0.9
2401.1
WS‐7877
‐3.8
‐30.6
0.9
2401.2
WS‐7878
‐7.6
‐30.5
1.9
2404.0
WS‐7887
‐10.2
‐30.6
1.5
2405.2
WS‐7891
‐2.4
‐30.2
0.3
2405.8
WS‐7893
‐1.9
‐30.8
0.9
2406.4
WS‐7895
‐3.0
‐30.3
1.0

δ34SCAS ‰
‐16.1
‐6.1

δ34Spyr ‰
‐10.3
‐30.8
‐24.1

‐11

‐15.6

‐6.1

‐24.6

‐2.6

‐22.5

3.6

‐16.0

2.5

‐14.2
‐24.5

‐1.3

‐9.8

4.3

1.7

3.6

‐12.4

3.7
3.2
4.9

‐17.6
‐19.5
‐23.2

‐9.4

‐11.8

Table S2: Carbon, nitrogen, and sulfur isotopic measurements for the WS core.
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Fig. 3. Isotopic profiles for the WS core. On = Onondaga Limestone; US = Union Springs; CV=
Cherry Valley Limestone; OC = Oatka Creek; P.Ls = Purcell Limestone; CAS = carbonateassociated sulfate.
The carbon isotopic composition of organic carbon (δ13Corg) exhibits slightly lower
values in Unit 1(averaging −30.5±0.3‰). The curve shifts towards higher values ranging from
−30.8 to −30.1‰ in Unit 2 at ~2398.2 m. In Unit 3, the δ13Corg values are slightly heavier
(averaging −29.8±0.4‰). In particular, the values are much higher in the Purcell Limestone
member (−28.9‰) (Fig. 3).
The bulk nitrogen isotopic compositions (δ15Nbulk) are more scattered in Unit 2
(averaging 0.6±1.2‰) relative to those in Unit 1 (averaging 0.9±0.4‰). There are few organicrich intervals within Unit 2 that have lower δ15Nbulk values of approximately −1.5‰. The δ15Nbulk
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increases in Unit 3, averaging 1.7±1.3‰. In particular, above ~2390 m, the δ15Nbulk values are
relatively stable and as high as 3.6‰ (Fig. 3).
The isotopic compositions of pyrite (δ34Spyr) range from −30.8‰ to 1.7‰ (Fig. 3). The
δ34Spyr values are relatively lower in the bottom of Unit 1 (average = −18.0±4.7‰). A greater
range of δ34Spyr values is observed in Unit 2 (average = −11.8±9.4‰), where the values reach to
a maximum of 1.7‰ at approximately 2397.6 m. The δ34Spyr values in Unit 3 are slightly lower
than those in the lower succession; however, they increase abruptly to −10.3‰ at the top of the
Marcellus (Fig. 3).
The isotopic compositions of sulfates (δ34SCAS) range from −16.1‰ to 4.9‰ (Fig. 3). The
sulfates obtained from Units 1 and 2 display uniformly high δ34SCAS values (average =
3.0±2.1‰).In Unit 3, the δ34SCAS profile trends to lower values upward throughout the core
(average = −6.4±6.7‰).
Trace element geochemistry
Profiles for Al, Ti, U, Mo, Ni, Cu, and V are shown in Fig. 4 with values listed in Table
S3. To eliminate the effect of varying clastic input, the concentrations of U, Mo, Ni, Cu and V
are all divided by Al contents. The Al and Ti contents show a steady increase from the bottom to
the top of the Marcellus Shale. The values for U, Mo, Ni, Cu and V/Al sharply increase at the
bottom (from 2403 to 2406 m) of Unit 1. The trace metal concentrations decrease sharply in the
Cherry Valley Limestone, followed by another increase in Unit 2. Although the enrichment of
trace elements is not consistent across the entire unit, the values are relatively high. The Alnormalized element ratios exhibit a distinct decline in concentrations at ~2393 m, above which
they maintain consistently low values (Fig. 4).
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Table S3
Major and trace element concentrations for the WS core.
Depth Sample
Al
Ti
Cu
Mo
meters
ID
%
%
ppm
ppm
2375.8 WS‐7794
1.57
0.07
25
7
2375.9 WS‐7795 10.90
0.44
187
83
2377.8 WS‐7801
9.46
0.40
119
50
2379.6 WS‐7807
8.59
0.35
210
111
2380.8 WS‐7811
9.48
0.40
130
102
2381.4 WS‐7813 10.20
0.42
154
88
2382.9 WS‐7818 10.50
0.49
112
43
2383.2 WS‐7819
1.12
0.06
13
2
2386.0 WS‐7828
9.38
0.45
76
61
2387.7 WS‐7833 10.30
0.46
57
82
2389.0 WS‐7838
9.85
0.45
61
74
2390.5 WS‐7843
9.20
0.41
92
121
2391.5 WS‐7846
7.73
0.36
103
123
2392.4 WS‐7849
8.06
0.36
165
115
2393.0 WS‐7851
7.83
0.35
102
135
2393.9 WS‐7854
7.35
0.34
118
108
2395.1 WS‐7858
7.59
0.36
122
159
2395.7 WS‐7860
6.66
0.33
239
307
2396.0 WS‐7861
0.83
0.05
33
21
2396.6 WS‐7863
5.72
0.29
248
156
2397.4 WS‐7865
4.71
0.24
184
99
2397.6 WS‐7866
7.38
0.40
199
32
2398.2 WS‐7868
4.72
0.22
86
36
2399.7 WS‐7873
7.10
0.35
128
90
2401.1 WS‐7877
6.72
0.32
133
151
2401.2 WS‐7878
6.38
0.32
127
96
2404.0 WS‐7887
1.17
0.05
66
54
2405.2 WS‐7891
3.59
0.17
242
258
2405.8 WS‐7893
3.22
0.16
135
93
2406.4 WS‐7895
6.61
0.31
144
106

Ni
ppm
30
220
130
230
220
160
130
20
100
100
100
400
150
150
160
150
200
480
50
210
150
120
130
500
240
190
110
380
750
210

Table S3: Major and trace element concentrations for the WS core.
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U
ppm
2.2
13
11.3
29.8
29.4
17
8.1
0.6
8.5
8.4
12.5
17.9
25.1
18.9
23.4
20.1
34.4
39.2
6.4
27.5
15.3
13.7
18.9
16.2
34.4
25.6
41.9
72.3
30.1
28

V
ppm
93
351
295
332
312
323
274
72
262
228
207
249
260
271
297
331
431
637
115
1060
666
466
446
739
663
662
424
891
571
565

Fig. 4. Al, Ti, U, Mo, Ni, Cu and V/Al profiles for the WS core. On = Onondaga Limestone; US
= Union Springs; CV= Cherry Valley Limestone; OC = Oatka Creek; P.Ls = Purcell Limestone;
Sedimentary features and petrography
The Marcellus Shale in the WS core consists of silty black shales and interbedded
fossiliferous limestones and gray shales. The analyzed samples from the Marcellus Shale display
a great range of textural and compositional variation. In general, the OC-rich deposits are
strongly laminated though some display of subtle bioturbation. Some intervals of OC-rich gray
shales or black shales are associated with thin layers of limestones. There is an abundance of
angular to sub-angular carbonate skeletal fragments (bioclasts) at the base of the Marcellus Shale
(Fig. 5a). Alternating laminae of gray shales and limestones with slight variations in thickness
were observed near a depth of 2396 m in Unit 2. Lateral tracing of these alternating layers
reveals subtle discontinuities (Fig. 5b).
Under microscopic examination, we observed pyrite grains in black shale and marls with
some variation in the amount. In general, the pyrite grains in our samples are abundant small
framboids (<6 μm diameter) with a relatively small number of relatively large framboids (>10
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μm diameter) (Fig. 5f). The average diameter of the 823 framboidal pyrites measured is 5.3 μm,
and only 3.8% of all sampled framboids had a diameter greater than 10 μm (Table S4). Pyrite
framboid diameter data is presented as box-and-whisker plots (Fig. 6; Wignall and Newton,
1998). The whiskers define the minimum and maximum values, and the boxes range from the
quartile Q=0.25 to quartile Q=0.75 of the data population. The average values of the data
population are designed by vertical lines drawn through the boxes. A high proportion of
agglutinated benthic foraminifera were found in samples WS-7865 and WS-7887 (Fig. 5c and d).
These benthic foraminifera appear fine-crystalline cherty and are randomly distributed
throughout the samples. The estimated percentages of foraminifera in samples WS-7865 and
WS-7887 are 25% and 30%. Schieber (2009) suggested that these foraminifers first accumulate
random grains, then they incorporate fine-grained quartz silts into new chambers. Lenticular
bodies of quartz silt grains indicate the collapse of their tests, which took place during burial and
compaction. Black and gray shale samples recovered from Unit 3 show discontinuous lamination,
a likely expression of strong bioturbation. These samples contain a higher proportion of quartz
silt grains and organic-poor materials (Fig. 5e).
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Table S4
Size distribution of pyrite framboids in studied units
Depth (m) Sample ID
2375.8
2377.8
2386.0
2391.5
2393.9
2404.0
2405.2

WS‐7794
WS‐7801
WS‐7828
WS‐7846
WS‐7854
WS‐7887
WS‐7891

n
102
110
132
130
123
106
120

dMin (μm) dMax (μm) dAvg (μm)
3.4
1.6
1.5
2.5
2.6
1.8
1.7

28.7
11.8
12.1
16.7
25.5
17.7
15.1

7.1
4.4
4.8
5.9
5.8
5.5
3.8

S.D.

R

3.5
1.7
1.6
2.1
3.3
1.9
1.8

7.1%
1.8%
0.7%
3.8%
4.5%
6.5%
2.5%

Note: 1. "n" refers to the number of framboidal pyrites analyzed. 2. "dMin", "dMax" and
"dAvg" refer to the minimal, maximal and average value of the diameter of framboidal
pyrites. 3. S.D. refers to standard deviation of diameters. 4. "R" refers to the percentage of
pyrite framboids with diameter ≥10 μm in the total framboids.

Table S4: Size distribution of pyrite framboids in studied units.
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Fig. 5. (A) Abundant bioclasts at the base of the Marcellus Shale. The white arrow points to a
bryozoan fragment. (B) The upper image shows alternating beds of gray shales and limestones;
the lower image is the lateral tracing of these discontinuous laminae. (C) Image WS-7865. Partial
replacement of collapsed benthic foraminifera (white arrows) by quartz. (D) Image WS-7887.
Photomicrograph of collapsed benthic foraminifera under higher magnification. Fine-grained
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quartz silt can be observed along the chambers. Partial internal fill in the lenticlular bodies
prevented complete collapse. (E) Image WS-7828. Silty, pyritic black shale. (F) Image WS-7865.
Pyrite grains under reflected light. White arrows point to the large pyrite framboids.

Fig. 6. Box-and whisker plots of pyrite framboid diameter data of the WS core samples. Note: “n”
refers to the number of pyrite framboids analyzed.
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DISCUSSION
The OC‐rich zone (Units 1 and 2)
OC-rich black shales of the Devonian Appalachian basin have long been considered
classic examples of stagnant, euxinic basin deposits (Byers, 1977; Ettensohn, 1992). However,
recent work has shown that not all Devonian black shales were deposited under stagnant water
column conditions (Murphy et al., 2000a, b; Werne et al., 2002; Sageman et al., 2003; Algeo et
al., 2007; Lash and Blood, 2014). The presence of alternating redox conditions during the
accumulation of OC-rich deposits in the WS core site is evidenced by (1) a wide range of δ15N
and δ34Spyr values in Unit 2; (2) highly variable trace metal concentrations; and (3) high
Corg/Nbulk and Corg/Ptot ratios in Units 1 and 2.
The δ15Nbulk values are relatively low in Units 1 and 2, in particularly, the values are more
consistent (average = 0.9±0.5‰) in Unit 1 and then shift to a broader range (average = 0.7±1.2‰)
in Unit 2. Previous studies (e.g., Ganeshram et al., 1995, 2000; Calvert et al., 2001; Jenkyns et al.,
2001; Quan et al., 2008, 2013b) suggested that increases in δ15Nbulk values indicate a shift to
suboxic conditions, in which denitrification removes isotopically light nitrate, leaving residual
nitrate enriched in 15N. However, decreases in δ15Nbulk values can either indicate a shift from
suboxic to oxic conditions or a shift from suboxic to anoxic conditions because both nitrification
and nitrogen fixation processes result in lower δ15N values in organic matter. The deposition of
OC-rich black shale is unlikely to occur under oxic water column conditions; hence the decreases
in δ15Nbulk values in our study probably reflect a shift from suboxic to anoxic conditions.
Therefore, the variable δ15Nbulk values through Unit 2 (Fig. 3) most likely indicate that sediments
in this interval were deposited under alternating redox conditions. It is also possible that the
lower δ15Nbulk values in Units 1 and 2 may produced by greater N fixation by microorganisms
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(Talbot, 2001; Quan et al., 2008; 2013b; Sigman et al., 2009). The higher Corg/Nbulk and Corg/Ptot
ratios in the same units (Fig. 2) may suggest greater nutrients available for the growth of
microorganisms, which could have promoted N fixation during the time of deposition. However,
further investigations are needed to better understand the microbial activities during the
deposition of the Marcellus Shale.
In our study, most of the pyrite grains are considered syngenetic in origin (pyrite
framboid size presented in section 5.5.) and can therefore serve as good indicators of bottom
water conditions. At the base of Unit 1 the δ34Spyr values show a decrease upward (Fig. 3). This
suggests that at the very beginning of the Marcellus Shale deposition, the oxygen concentration
in the bottom water decreased abruptly, and water conditions became primarily anoxic with high
sulfide burial rates accompanied by only slight shifts in redox conditions. By contrast, the
samples from Unit 2 display relatively higher and highly variable δ34Spyr values (Fig. 3),
suggesting that sediments were probably deposited in episodically suboxic to anoxic bottom
water conditions.
The alternating redox conditions during the deposition of Units 1 and 2 are also supported
by highly variable trace metal concentrations (Fig. 4). The U/Al and V/Al ratios in Unit 1
increase sharply from ~4 to 36 and from ~85 to 360. The Mo/Al ratios increase abruptly from
~16 to 72, followed by a negative shift. The Ni/Al and Cu/Al ratios exhibit similar trends of
increasing values to the middle of Unit 1 (Fig. 4). The rapid increase of these trace metal ratios
suggests the bottom water redox conditions shifted from oxic to anoxic at the beginning of the
Marcellus Shale deposition, perhaps as a consequence of a rapid sea-level rise. Algeo and Rowe
(2012) suggested that rate changes in the trace metal concentrations in response to sea-level
fluctuations can be quite rapid in restricted basins. The trace metal ratios decreased in the
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Cherry Valley Limestone, and remained relatively stable with low values up to ~ 2397 m. The
ratios increase and reach another peak at ~2395 m, followed by a negative shift (Fig. 4). Such
fluctuations suggest that oxic/suboxic bottom water conditions existed during deposition of the
Cherry Valley Limestone and became variably suboxic and anoxic during the accumulation of
overlying sediments. Furthermore, the variable trace metal ratios correlate with a high Corg
content and high gamma ray (Figs. 2 and 4), suggesting that the alternating redox conditions
during this time interval enhanced the burial of organic matter.
The relatively high Corg/Ptot and Corg/Nbulk ratios in Units 1 and 2 may have been induced
by alternating redox conditions that favored the release of N and P back to the water column (Fig.
2). Water column mixing would have made these nutrients available for biological utilization,
resulting in the enhanced primary production and, consequently, increased delivery of organic
matter to the sediment (Werne et al., 2002). This supports the hypothesis that a “productivityanoxia feedback” mechanism may have contributed to a high level of OC production and
sequestration in the Devonian black shales in the northern part of the Appalachian basin (Ingall
et al., 1993; Murphy et al., 2000a, b; Sageman et al., 2003). The ratios show a small decline at
the Cherry Valley Limestone and then increase upward in Unit 2 (Fig. 2). We suggest that the
low Corg/Nbulk and Corg/Ptot ratios in the Cherry Valley Limestone may reflect a transition to
relatively shallow, suboxic water. The generally higher ratios above the limestone could have
resulted from continued sea-level rise, which ultimately drowned out carbonate production and
produced the organic-rich shale deposits in Unit 2. During the sea-level rise, a gradual increase
in the intensity and/or duration of anoxic periods induced by thermal stratification could have
produced the alternating anoxic/suboxic redox conditions (Werne et al., 2002), contributing to
higher Corg/Nbulk and Corg/Ptot ratios in Unit 2.
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Another possible cause of the variable Corg/Nbulk and Corg/Ptot ratios could be changes in
the source of organic matter. Marine organic matter sources have Corg/Nbulk ratios in the range of
4 to 10 (Gray and Biddlestone, 1973). In contrast, organic matter from terrestrial sources is
difficult to decompose and tends to have Corg/Nbulk ratios greater than 20 (Prahl et al., 1994).
Corg/Ptot ratios of modern terrestrial organic matter have a significantly higher C/P ratio (i.e.,
300–1300) than modern marine organic matter (i.e., 7–80) (Ruttenberg and Goñi, 1997; Rimmer
et al., 2004). A comparison of Fig. 2 and 3 shows that although Corg/Nbulk and/or Corg/Ptot ratios
are high in Unit 1, this is not due to a large concentration of terrestrial organic matter; in fact, the
δ13Corg values are lower in this unit (i.e., suggests mostly marine organic matter, see Section 6.2.).
Overall, there appears to be no significant relation between C/N/P ratios and δ13Corg values
throughout the section, arguing against the possibility that the observed variations in C/N/P ratios
could be due to changes in organic matter sources. Hence, we suggest that the high C/N/P ratios
seen in these sediments might have been controlled by nutrient regeneration rather than changes
in organic matter sources.
Under most sedimentary conditions during early diagenesis, a modest increase in
Corg/Nbulk and Corg/Ptot ratios are seen, independent of changes in organic matter sources (Arthur
and Sageman, 2005; Junium and Arthur, 2007). However, high ratios are typical of low-oxygen,
high paleo-productivity environments. When Corg/Nbulk and Corg/Ptot ratios are plotted against the
Corg (Fig. 7), an increase in OC content from 2 to approximately 10 percent is accompanied by an
increase in Corg/Nbulk and Corg/Ptot ratios. The positive correlations of OC content and Corg/Nbulk
and Corg/Ptot ratios suggest that nutrient recycling and productivity might have played an
important role in controlling OC accumulation in the Marcellus Shale.
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Fig. 7. (A) A positive correlation between OC content and Corg/Nbulk ratios, (B) A positive
correlation between OC content and Corg/Ptot ratios
The non‐OC‐rich zone (Unit 3)
Sediments preserved in Unit 3 were deposited under suboxic conditions, as suggested by
(1) low trace metal ratios; (2) high δ15Nbulk values; and (3) low Corg/Nbulk and Corg/Ptot ratios in
this unit. Low trace metal ratios throughout Unit 3 most likely reflect suboxic bottom water
conditions during the deposition of these sediments (Fig. 4), perhaps as a result of a falling sea
level. However, these ratios slightly increase above the Purcell Limestone, possibly indicating a
decline in clastic influx (Scott and Lyons, 2012). In a recent paper, Lash and Blood (2014)
described a similar pattern of increase in Al concentrations upward throughout the Marcellus
Shale accompanied by reduced OC content and diminished gamma ray response. The general
increase in Al and Ti concentrations upward throughout Unit 3 might indicate the dilution of OM
by clastics due to a higher clastic influx associated with a lowering sea level (Fig. 4). Some
studies also suggest that an increase in clastic influx might also be associated with higher
freshwater influx (Nash, 1994; Jaminski et al., 1998). As freshwater plumes generally strengthen
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the pycnocline, this could have reduced the upward mixing of nutrient-rich deepwaters,
potentially decreasing primary productivity and OC burial (Garvine, 1984).
Higher δ15Nbulk values in Unit 3 also suggest suboxic bottom water conditions associated
with enhanced denitrification (Fig. 3). However, previous studies suggest that diagenetic
alteration of organic matter under various bottom water redox conditions could result in
differential fraction of nitrogen isotope (e.g., Lehmann et al., 2002; Boudou, 2008; Quan et al.,
2013b). In general, oxic and suboxic degradation leads to enrichment of 15N while anoxic
degradation leads to depletion of 15N (Lehmann et al., 2002). Despite the higher δ15Nbulk values
observed in Unit 3 may related to diagenetic alteration of organic matter under suboxic
conditions, the implication that the bottom water was suboxic during deposition of unit 3 is
consistent with our previous interpretation. Together, the higher δ15Nbulk values in combination
with low Corg/Nbulk and Corg/Ptot ratios throughout Unit 3 provide further evidence of suboxic
conditions during this time interval (Fig. 2). These conditions were not favorable for the periodic
release of N and P, resulting in a reduced rate of primary productivity and relatively low OC
contents in this unit.
The higher δ13Corg in Unit 3 could be attributed to the changes in organic matter sources
(Fig. 3): terrestrial organic matter is predominantly derived from the lignin fraction of wood, thus
its isotopic composition is very close to that of coal, whereas marine organic matter is derived
from marine phytoplankton (Goni et al., 1997). During the Devonian period, the marine and
terrestrial organic matter are believed to have δ13Corg values of approximately −30.5‰, and −25‰
to −26‰, respectively (Maynard, 1981; Jaminski et al., 1997, 1998). The lower δ13Corg values of
the samples from Units 1 and 2 indicate that the primary contribution was from marine organic
matter sources. However, the samples from Unit 3 have higher δ13Corg values indicating they
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received a contribution from both marine and terrestrial organic matter sources (Fig. 3). The
higher TOC intervals also tend to contain a higher percentage of marine organic matter compared
to the low TOC intervals as reported in other studies (e.g., Jaminski et al. 1997, 1998).
Alternatively, increases of δ13Corg values may also record the withdrawal of 13C-depleted water
from the basin in response to a lowering sea level (Chen et al., 2013; Lash and Blood, 2014).
Lash and Blood (2014) recorded very similar δ13Corg variations in a Marcellus Shale core
recovered from southwestern Pennsylvania (see Fig. 10). In this curve, the higher δ13Corg values
were observed in the Oatka Creek member, which is the organic-poor interval in the Marcellus
Shale. They suggested that an overturn of the water mass could have emplaced the isotopically
light CO2 onto a shallow shelf of the Marcellus Basin. The cooling trend during the late Middle
Devonian could have shifted the deep-water source from middle to high altitudes, disrupting the
stable stratification of the oceans (Wilde and Berry, 1984; Murphy et al., 2000c). In our study,
the lowering sea level could have reduced the oceanic overturn effect, thus less 12C-enriched
water was driven upward to the surface water, contributing to isotopically heavy δ13Corg values.
However, more research needs to be performed in the future to better understand the oceanic
overturn model during the early period of the Marcellus Shale deposition.
Diagenetic influences
It is necessary to consider the possibility that δ13Ccarb and δ34SCAS values in the carbonates
could have been altered during post-depositional diagenesis. The δ13Ccarb values documented in
our study (ca. −2 to −13‰) are lower compared to the average marine δ13Ccarb values reported
for the Middle Devonian carbonates (ca. 0 to 1‰) (Saltzman, 2005), suggesting that the
carbonate present in our samples is likely of diagenetic origin (Fig. 3). Lash and Blood (2014)
suggested that the carbonates in the Marcellus Shale display diagenetic effects related to the
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diffusion of biogenic methane through succession. Methane-derived authigenic carbonates are
commonly precipitated in the sulfate reduction zone, when there is a large rise in alkalinity.
These reactions occur where downward migrating seawater sulfate encounters upward diffusing
methane (e.g., Himmler et al., 2011; Lash and Blood, 2014; Drake et al., 2015). The isotopically
light CO2 derived from methane oxidation can provide light carbon to the system, which
precipitates out as carbonate with low δ13Ccarb values (Whiticar and Faber, 1986; Suess and
Whiticar, 1989).
The δ34SCAS values of the primary seawater sulfate during the Middle Devonian are
reported to be between 15 and 25 ‰ (Kampschulte and Strauss, 2004). However, our values (ca.
−16 to +5 ‰) are strongly biased toward lighter values (Fig. 3), reflecting the incorporation of
isotopically light sulfur. Several studies have suggested that oxidized H2S or sulfur oxidation
intermediates within the diagenetic environment and could provide isotopically light sulfur to the
system, resulting in sulfate reservoirs with depleted 34S values relative to seawater (e.g., Canfield
and Teske, 1996; Lyons, 1997; Canfield, 2001; Lyons et al., 2003; Konssow et al., 2015). This
is consistent with the evidence of the precipitation of authigenic carbonates in our study units as
secondary phases. Therefore, the δ13Ccarb and δ34SCAS values in the WS core reflect diagenetic
alterations and cannot be used to interpret the primary seawater records, such as the rates of
primary productivity and changes in water column redox conditions during the time of
deposition.

Alternating redox conditions evidenced by sedimentary and petrographic features
Sedimentary features and petrographic characteristics provide supporting evidence to
constrain the depositional conditions of the Marcellus Shale at the WS core site. The presence of
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bioclasts in Unit 1 (Fig. 5a) may suggest bottom current activity and consequent water column
mixing during the beginning of the Marcellus Shale deposition. The angular to sub-angular
outline of these fragments suggests that the energy of transporting currents was strong enough to
carry them to the basin. The strong current was probably caused by strong base flows associated
with storms that might have reworked bioclasts from the shallow platform (probably from the
underlying Onondaga Limestone). Gray shale interbedded with limestone in the Unit 2 suggests
that bottom water conditions alternated between anoxic and oxic during deposition. In addition,
subtle discontinuous laminae across the core might have resulted from bottom currents (Schieber,
2003), which allowed for the transfer of remineralized N and P from the sediments into the
photic zone. The circulation pattern within the basin is unknown, but the seasonal circulation and
associated episodic mixing could have played a key role in the temporal depositional
heterogeneity throughout the WS core.
Several studies (e.g., Bernhard and Reimers, 1991; Bernhard et al., 2003; Schieber, 2009)
suggest that benthic foraminifera require at least some oxygen to persist at the seafloor. Thus, the
presence of agglutinated benthic foraminifera in the sediments indicates that the short-lived
dysoxic or oxic conditions occurred during the deposition of the OC-rich intervals in the
Marcellus Shale. Further, the abundant small pyrite framboids are considered as evidence of
sulfide precipitation under anoxic conditions, whereas a small proportion of larger framboids
may suggest brief periods of bottom water oxygenation during the deposition of the Marcellus
Shale at the WS core site. Variable redox conditions might have been produced by bottom
current activity and/or episodic mixing, which is consistent with the interpretation of the
sedimentary features. These observations are also consistent with a depositional model proposed
by Jaminski et al. (1997, 1998), who suggested that the organic matter accumulation in the
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Appalachian basin was subject to episodic fluctuations in freshwater runoff and clastic influx at
timescales of a few thousand years. These alternating paleoredox conditions might have been
critical for N and P regeneration, resulting in higher primary productivity and high burial fluxes
of OC. The abundant agglutinated benthic foraminifera documented from Unit 1 may be a
manifestation of the higher organic matter flux related to elevated primary productivity.
Enhanced organic matter flux from the surface water and the higher degradation of organic
matter would provide a higher nutrient supply for foraminifera (Pedersen et al., 1988; Herguera
and Berger, 1991). In contrast, Unit 3 deposits reflect a greater flux of siliciclastic sediment,
which would have diluted the organic matter supply, thus reducing the nutrient supply for
foraminifera. Such a scenario would not have been favorable for the persistence of benthic
foraminifera at the seabed.
CONCLUSIONS
Temporal variations in the C/N/P ratios, C/N/S stable isotope compositions, trace element
concentrations, and sedimentary and petrographic characteristics were utilized to reconstruct the
changes in the paleo-redox conditions during the deposition of the Marcellus Shale at the WS
core site. The multiple lines of evidence from our study suggest that the regeneration of biolimiting nutrients under alternating redox conditions might have played a key role in sustaining
high levels of primary productivity, resulting in the accumulation of OC-rich deposits. At the
base of the Marcellus Shale, the higher concentrations of trace elements indicate a shift to anoxic
conditions at the beginning of its deposition, resulting in a higher preservation of organic matter.
Fluctuating δ15Nbulk and δ34Spyr values and trace metal ratios throughout Unit 2 are suggestive of
episodic suboxic conditions, possibly due to short-term sea-level changes. Overall, the redox
water conditions were predominantly alternating between anoxic and suboxic during the
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deposition of sediments in Units 1 and 2. Higher C/N/P ratios throughout these units suggest that
the release of nutrients (N and P) from the organic matter might have sustained higher OC
production. The Corg/Ptot and Corg/Nbulk profiles co-vary closely with the TOC contents in Units 1
and 2, suggesting a positive relationship between the nutrient release and higher burial of organic
matter. The presence of bioclasts and discontinuous laminae observed in Units 1 and 2 suggests
the possibility of bottom currents and water column mixing during that time of deposition. We
suggest that this mixing could be the internal mechanism responsible for in-situ nutrient
recycling, resulting in the increased productivity and higher OC concentration in the Marcellus
Shale in Units 1 and 2 of our studied units. However, in Unit 3, lower trace metal ratios and
higher δ15Nbulk and δ13Corg values likely reflect suboxic water conditions during deposition. The
marked change in bottom water conditions from Units 1 and 2 to the overlying Unit 3 might have
been caused by the falling sea-level resulting in higher siliciclastic input, as suggested by the
higher Ti and Al contents and abundant siltstones.
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ABSTRACT
The trace and rare earth elements (REE) analyses were conducted on samples collected from a
30-m core of the Marcellus Shale obtained from Greene County, southwestern Pennsylvania. Our
results suggest that organic matter enrichment trends in the Marcellus Shale can be directly
linked with the Acadian orogeny. The Acadian orogen has been recognized as a main sediment
source for the Marcellus Shale. Synthesis of tectonic history and recent ash bed geochronology,
reveals that deposition of the organic carbon-rich (OR) zone (characterized by TOC >4%;
located between 2393 m and 2406.5 m core depth) in the studied Marcellus Shale core was
coincident with tectonically active and magmatic quiescent period of the Acadian orogeny (ca.
395-380 Ma). This time also corresponds to the period when mountain building in the Acadian
orogen was at its highest rates. The light rare earth (LREE) and selected trace elemental (e.g., Ta,
Cs) composition of the OR zone sediments is similar to that of the bulk continental crust,
supporting the lack of magmatic activity in the source area (i.e. Acadian orogen). In contrast,
subsequent deposition of the organic carbon-poor (OP) sediments (characterized by TOC <4%;
located between 2376 m and 2393 m core depth) in the upper Marcellus Shale occurred
synchronously with a magmatic active phase (ca. 380-370 Ma) during the Acadian orogeny. The
OP zone sediments have LREE and trace elements composition similar to that of the upper
continental crust, suggesting intrusion of granodiorite rocks during a magmatic active period of
Acadian Orogeny. The temporal and geochemical correlation between the Acadian orogenesis
and the Marcellus deposition provide evidence for the role of tectonism in the enrichment of
organic matter in the Marcellus Shale.
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INTRODUCTION
Due to the recent boom in shale gas production in the Appalachian basin, United Sates,
the natural gas-rich Marcellus Shale has drawn tremendous attention of the geoscience
community. Well production data have shown that the ‘gas-rich’ zones within the Marcellus
Shale are often associated with high total organic carbon (TOC) content. The empirical
correlation between gas content and TOC value has attracted many investigations on the
mechanisms that cause organic matter enrichment during black shale deposition (e.g., Ettensohn,
1985; Pedersen and Calvert, 1990; Sageman et al., 2003; Rimmer et al, 2004; Ver Straeten., 2009,
2010; Chen et al., 2015; Chen and Sharma, 2016). It has long been recognized that enrichment of
organic matter in fine-grained sediments such as shale is directly affected by several processes
like 1) rate of sediment input, 2) water column redox conditions; and 3) primary productivity
(e.g., Pederson and Calvert, 1990; Werne et al., 2002; Sageman et al., 2003; Rimmer et al., 2004;
Lash and Blood, 2014). In addition, a recent study Chen and Sharma (2016) also suggested that
nutrient recycling is driven by alternating water column redox conditions might have also played
a key role in the formation of the organic-rich zone in the Marcellus Shale.
However, the underlying mechanism that caused the widespread deposition of black shale
in the Acadian foreland basin is still debated. The tectonostratigraphic model proposed by
Ettensohn (1985) suggests that deposition of organic carbon (OC)-rich black shales in the
Appalachian basin was controlled by tectonic forces of Acadian orogeny (Fig. 1). According to
his model, widespread carbonate deposition (e.g., the Onondaga Limestone) beneath OC-rich
shale formations (e.g., the Marcellus Shale) represents shallow open marine environments with
little to no terrigenous clastic input. The onset of the Acadian orogeny led to crustal bending and
subsidence within the adjacent foreland basin (Ettensohn, 1985). Subsequent cratonward
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advancement of the Acadian orogenic front created fold-thrust sheets that uplifted the old
sedimentary and low-grade metamorphic rocks in the Acadian mountain and recycled them to
the foreland basin (Ettensohn, 1985; Ver Straeten, 2009).High erosion rates occurred during the
active orogenic systems generate high sedimentation rates and low oxygen availability, resulting
in anoxic bottom water conditions and enhanced organic carbon burial (Galy et al., 2007).
Although several minor modifications have been made to this model (e.g., Bradley, 2000;
Ettensohn, 1987) the model is still widely accepted as it explains many basic observations from
sedimentary records. However, recent studies suggest that global sea-level change may also play
a key role in organic-matter enrichment because deposition of OC-rich black shales in the
Appalachian Basin generally coincides with the periods of global sea-level transgressions
(Arthur, 2005; Sageman et al., 2003; Werne et al., 2002). It is well known that global sea-level
rise can mitigate sediment ‘dilution’ effect by reducing terrestrial weathering and the amount of
sediments transported into the basin (e.g., Sageman et al., 2003; Werne et al., 2002). Rising of
sea-level also makes water-column mixing less efficient, creating more reducing bottom water
conditions that are favorable for organic-matter preservation (Arthur, 2005).
In terms of the tectonic control on black shale accumulation, a key piece of information
still missing is a direct linkage between tectonics and sedimentary records that are independent
of other variables (e.g., global sea-level change). Recent studies of volcanic ash layers, also
known as tephra beds, in the Appalachian basin reveal that development of the Acadian orogeny
and associated foreland basin during Early-Middle Devonian time was associated with multiple
phases of volcanism/magmatism within the Acadian mountain (Murphy et al., 1999; Ver Straeten,
2005, 2008). Based on the relative intensity of magmatism, the Acadian orogeny can be
subdivided into three magmatic stages: a magmatic active period that lasted from early Emsian to
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lower-middle Eifelian (~400-395 Ma), followed by a relatively magmatic quiescent period
between ~395 Ma and ~380 Ma which was then succeeded by another magmatic active period
from ~380 Ma to ~370 Ma (Murphy et al., 1999).
Signals of the proposed Acadian magmatism were recorded by sediments deposited in the
adjacent foreland basin (Hosterman and Whitlow, 1981). It has been found that the Middle to
Late Devonian marine shales of the Appalachian Basin contains abundant smectite which is
interpreted to be derived from weathered volcanic clast and phenocrystals, indicating a
significant sediment contribution from igneous sources (Hosterman and Whitlow, 1981). If
representative, the shale strata deposited within the Appalachian Basin may likely record the
geochemical signals (e.g., trace and rare earth element content) of the Acadian magmatism. It has
been shown that partial melting of crustal rocks during magmatism can cause enrichment of light
rare earth elements (i.e., La-Sm) in the newly formed magma (Liping and McKay, 1989), which
later migrates upward toward the surface, forming intrusive or extrusive igneous rocks.
Therefore, the newly formed igneous rocks should bear REE composition different from the
source region. Weathering of these rocks would then transport the REE signals into the
sedimentary basin. There is little fractionation of REE during weathering of parent rocks or
during subsequent sediment transportation (e.g., Condie, 1991), thus the REE compositions of
fine-grained rocks formed by deposition and lithification of these weathered sediments should
resemble the REE signature of their source rocks. Therefore, we hypothesized that if the OC-rich
black shale deposition in the Appalachian foreland basin was directly related to the Acadian
orogeny, we should observe a correlation between the Acadian magmatic signals and organic
carbon enrichment in the shale.
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Figure 1: Tectonic model of the Acadian orogen and associated foreland basin (modified from
Ver Straeten, 2009).
Here we report major, trace and rare earth elemental data from the Marcellus Shale
samples collected from a well core from southwestern Pennsylvania, USA. Shale samples are
grouped as organic-rich (OR) and organic-poor (OP) categories with the purpose of establishing
the possible link between the Acadian magmatism and temporal variation in organic matter
content during Marcellus shale deposition.
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Figure 2: Stratigraphic column of the studied Marcellus Shale core plotted with biostratigraphic
and ash-bed age constraints (Bergström, 1970; Hayward, 2012; Parrish, 2013). Filled star:
depositional age from dating of volcanic ash layers; unfilled star: depositional age estimated
using sediment accumulation rates (Hayward, 2012; Parrish, 2013). The timing of the Acadian
magmatism is from Murphy et al. (1999).

SAMPLING AND ANALYTICAL METHODS
Study area and sampling
The Marcellus Shale is the basal unit of the Hamilton Group of the Appalachian basin,
underlain by the Onondaga Limestone and overlain by the Mahantango Shale (i.e., Ettensohn,
1985). The Marcellus Shale section in this study was cored from the Whipkey State #1 (WS)
well that was obtained in September 2008 by Eastern American Energy Corporation, API
number 3705924715. The surface location of this well is in Greene County (Latitude: 39.92,
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Longitude: −80.00), southwestern Pennsylvania (Fig. 2). The studied Marcellus interval is
divided into two zones based on total organic carbon (TOC) content: a ~12 m thick organic-rich
(OR) zone (2404 to 2392 m core depth) and a ~18 m thick organic-poor (OP) zone (2392 to 2374
m core depth). The OR zone is characterized by high TOC content (range from 5 to 9 wt.%,
average =7 wt.%) and high gamma ray log response (average= ~300 API). In contrast, the OP
zone has lower TOC content (range from 2 to 4 wt.%, average =3 wt.%) and lower gamma-ray
log response (average= ~200 API) (Fig. 2). The OR zone consists of the entire Union Spring
Shale Member and lower part of the Oatka Creek Shale Member while the OP zone corresponds
to upper part of the Oatka Creek Shale Member (Fig. 2). Both the OR and OP zones are
dominated by black shale interbedded with gray mudstone, siltstone, and limestone. The Purcell
Limestone and Cherry Valley Limestone occur as distinct interbeds within the OP and OR zones,
respectively.
A total of 26 rock samples were collected from the Marcellus interval of the WS core for
elemental analyses, with an average sampling interval of ~1 m. Samples were collected from the
inner part of the core using chisel and hammer. Thin rock chips were further ground to
homogenous powders prior to geochemical analyses. Among them, 13 samples are from the OR
zone and the rest are from the OP zone (Fig. 2). Notable sampling gaps beneath the Purcell and
Cherry Valley limestone beds are due to lack of preserved materials associated with low core
recovery ratios locally.
Analytical methods
Major, trace and rare earth elemental concentrations were measured by Activation
Laboratory in Canada using peroxide fusion method. For each sample, 200 mesh, 0.5 g powders
were oxidized and fused with sodium peroxide (Na2O2). The fused samples are diluted and
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analyzed using a PerkinElmer SCIEX ELAN 6000 ICP/MS. Controls and standards fused with
samples are run every 22 samples. Fused duplicates are run every 10 samples. International
standards of GXR-4 and OREAS 101a were used to monitor analytical quality. The precision of
measurements is better than 1% for all major elements. For trace and rare earth elements, the
accuracy and precision were estimated to be better than 10%. Based on the atomic number, light
rare earth elements (LREE) in this study includes La, Pr, Nd, Sm, and the heavy rare earth
elements (HREE) include Gd, Tb, Dy, Ho, Er, Tm, and Yb. All measured elemental abundances
are corrected for dilution effect caused by varying total organic carbon (TOC) contents, using an
ash basis equation:
Ash content (%) = -1.0834 [TOC (%)] +94.981
This equation was developed to estimate the correlation between carbon content and ash content
from a study of bulk, trace and rare earth elements in 300 coal and shale samples (unpublished
data source: https://edx.netl.doe.gov/ree/?page_id=1602).
RESULTS
The major and ash basis- trace elemental data are shown in Table 1, with the values
normalized to the Upper Continental Crust (UCC) standard (Fig. 3) (McLennan, 2001). Samples
from the OP zone are characterized by very similar UCC-normalized major- and trace elemental
patterns, whereas samples in the OR zone display much variable concentration patterns (Fig. 3).
Generally, samples from the OR Zone are relatively depleted in Al, K, Fe, Mg, Ti, Rb, Cs, and
Th but enriched in Ca.
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Sample
WS‐7795
WS‐7801
WS‐7807
WS‐7811
WS‐7813
WS‐7818
WS‐7828
WS‐7833
WS‐7838
WS‐7843
WS‐7846
WS‐7849
WS‐7851
WS‐7854
WS‐7858
WS‐7860
WS‐7863
WS‐7865
WS‐7866
WS‐7873
WS‐7877
WS‐7878
WS‐7887
WS‐7891
WS‐7893
WS‐7895

Si
wt%
24.3
24.6
21.4
24.4
25.2
26.4
27.7
27.7
26.2
27.7
17.9
28.9
28.7
27.7
26.5
22.4
25.5
24.5
22.7
28.1
27.1
25.3
13.1
24.4
31.0
19.1

Al
wt%
10.9
9.5
8.6
9.5
10.2
10.5
9.4
10.3
9.9
9.2
7.7
8.1
7.8
7.4
7.6
6.7
5.7
4.7
7.4
7.1
6.7
6.4
1.2
3.6
3.2
6.6

K
wt%
4.2
3.6
3.4
3.6
3.9
4.1
3.6
4.0
3.8
3.6
3.2
3.2
3.2
3.0
3.1
2.6
2.3
1.9
3.0
2.9
2.8
2.7
0.5
1.5
1.4
2.6

Fe
wt%
6.3
4.6
8.4
6.2
6.0
5.8
3.9
4.1
4.4
4.0
3.9
4.4
3.9
4.0
4.5
8.6
2.9
2.1
3.5
4.2
4.0
3.2
1.6
5.6
2.9
2.4

Mg
wt%
0.9
1.0
0.9
1.0
0.9
0.9
0.9
1.2
0.9
0.9
0.9
0.9
0.9
0.7
0.8
0.8
0.9
0.8
0.9
0.6
0.7
0.6
0.3
0.8
0.5
1.3

Ti
wt%
0.4
0.4
0.4
0.4
0.4
0.5
0.5
0.5
0.5
0.4
0.4
0.4
0.4
0.3
0.4
0.3
0.3
0.2
0.4
0.4
0.3
0.3
0.1
0.2
0.2
0.3

Rb
ppm
247.5
204.5
201.6
217.1
240.4
247.5
207.8
235.4
212.1
224.0
174.6
178.4
184.0
163.5
187.8
156.2
141.6
113.9
157.5
162.9
172.6
143.9
25.1
79.7
76.4
77.9

Cs
ppm
18.0
13.8
14.0
15.4
17.3
17.8
13.2
22.2
14.6
15.3
12.1
12.0
12.8
11.3
14.5
12.0
10.6
8.3
11.7
12.0
12.6
10.6
1.9
5.7
5.1
5.2

Ta
ppm
1.0
0.9
0.7
0.7
0.8
1.0
1.1
0.9
1.1
0.9
0.5
0.7
0.8
0.8
0.7
0.5
0.5
0.6
0.9
0.7
0.7
0.7
< 0.2
0.5
0.2
< 0.2

Th
ppm
14.5
11.8
10.1
11.8
12.5
14.0
12.6
11.9
11.1
12.1
10.6
8.8
9.6
9.8
10.6
8.4
8.9
9.8
11.8
9.0
9.6
9.4
1.7
6.2
4.4
2.8

Table 1: Selected major and trace element concentrations in the WS core. Trace element data has
been corrected per sample on an ash basis.
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Figure 3: Selected major and trace elements normalized to UCC (McLennan, 2001) for the WS
core samples.
Total abundance of ash basis- REE values varies from 69.3 to 235.6 ppm in the studied
samples (Table 2, Fig. 4). The OP zone contains a higher abundance of REE than that of the OR
zone, with values, ranging from 183 to 235.6 ppm (average =199 ppm) for the OP zone, and 69.3
to 220 ppm (average =165.8 ppm) for the OR zone. REE data are normalized to Post-Archean
Australian Shale (PAAS) standard (Fig. 4) (McLennan, 1989). Samples in the OP zone are
characterized by remarkably similar patterns of LREE and moderately variable HREE content
(Fig. 4). In comparison, both LREE and HREE patterns are highly variable in samples from the
OR zone (Fig. 4).
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Figure 4: PAAS-normalized REE distribution patterns of the WS core samples. The REE values
of PAAS are from McLennan et al. (1980a).
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Sample
WS‐7795
WS‐7801
WS‐7807
WS‐7811
WS‐7813
WS‐7818
WS‐7828
WS‐7833
WS‐7838
WS‐7843
WS‐7846
WS‐7849
WS‐7851
WS‐7854
WS‐7858
WS‐7860
WS‐7863
WS‐7865
WS‐7866
WS‐7873
WS‐7877
WS‐7878
WS‐7887
WS‐7891
WS‐7893
WS‐7895

La

Ce

Pr

41.3
40.2
45.5
42.2
42.4
43.6
42.6
42.5
41.2
44.7
40.6
38.7
42.1
38.0
42.7
41.5
37.3
43.5
38.9
29.7
32.2
38.8
44.6
27.9
18.2
14.9

74.7
76.1
74.3
68.1
69.4
69.8
79.8
71.4
65.4
70.9
73.3
62.6
68.0
65.2
68.7
58.6
51.7
68.3
66.6
42.6
47.8
68.7
54.8
45.1
31.3
18.8

10.0
10.1
12.0
10.9
10.2
9.9
10.2
11.0
9.9
10.8
10.2
10.1
11.1
8.9
11.2
9.6
9.1
11.8
9.9
6.5
7.5
9.8
9.3
7.9
5.3
3.9

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm Yb

ΣREE

40.7 6.9 1.4 5.5 1.0 4.5 1.3
36.8 8.4 1.7 8.6 1.2 6.9 1.3
49.6 11.7 2.8 13.4 1.9 10.8 2.1
42.0 8.9 1.9 9.0 1.2 7.6 1.4
37.7 7.1 1.5 6.3 1.0 6.0 1.2
36.8 5.9 1.3 4.7 0.8 4.8 1.1
37.3 7.1 1.4 6.6 0.9 5.7 1.2
41.9 8.5 1.7 8.4 1.1 7.1 1.4
35.6 7.0 1.3 6.9 1.0 6.1 1.2
42.4 7.8 1.7 7.7 1.1 7.0 1.5
38.2 8.9 2.1 10.0 1.3 7.9 1.5
38.1 7.7 1.7 8.0 1.1 7.0 1.4
43.9 9.6 2.1 10.2 1.3 8.3 1.6
31.9 6.9 1.5 7.4 1.0 6.2 1.4
44.6 9.8 2.0 9.4 1.3 8.2 1.7
38.2 7.5 1.5 7.7 1.0 6.3 1.2
39.9 8.3 1.8 8.5 1.2 6.9 1.3
48.8 10.9 2.2 10.6 1.5 9.3 1.8
39.3 8.9 1.8 9.3 1.2 7.2 1.5
22.8 4.0 0.9 4.5 0.7 4.3 0.9
29.1 6.4 1.3 6.4 0.9 5.8 1.2
38.3 8.9 2.0 10.4 1.3 8.4 1.7
38.6 9.4 2.4 14.5 2.0 13.9 3.1
33.1 8.8 1.6 10.7 1.4 8.9 1.9
21.4 4.7 1.0 5.0 0.7 4.3 0.8
14.7 3.4 0.8 3.9 0.6 3.5 0.7

3.7
3.9
5.8
4.2
3.6
3.1
3.5
3.9
3.7
4.2
4.5
4.1
4.8
3.8
4.7
3.4
4.0
5.4
4.2
2.7
3.5
4.9
9.6
5.2
2.4
2.1

0.5
0.5
0.9
0.7
0.5
0.4
0.5
0.7
0.5
0.7
0.7
0.7
0.8
0.6
0.7
0.6
0.6
0.8
0.6
0.4
0.6
0.7
1.4
0.7
0.3
0.4

194.7
199.0
235.6
201.7
190.2
185.2
199.9
203.0
183.0
204.4
202.9
184.9
208.0
176.0
209.3
179.9
173.8
220.0
192.8
122.4
146.0
198.1
212.7
157.3
97.4
69.3

3.3
3.2
4.8
3.7
3.3
2.9
3.0
3.6
3.4
3.8
3.7
3.6
4.2
3.3
4.0
2.7
3.2
5.0
3.5
2.5
3.2
4.2
9.2
4.2
2.0
1.8

Table 2: REE contents of the Marcellus Shale for the WS core (ppm). Data has been corrected
per sample on an ash basis.
DISCUSSION
Sediment provenance of the Marcellus Shale
The chondrite-normalized LREE distribution pattern has been widely used as a sensitive
indicator in determining the source rock of the sedimentary rocks (McLennan et al., 1980b;
Paikaray et al., 2008). Felsic sources are represented by North American Shale Composite
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(NASC) and mafic sources are represented by Mid-Ocean Ridge Basalt (MORB) (Fig. 5)
(McLennan et al., 1980a; Totten and Hanan, 1998). The samples from NASC and MORB have
distinctly different LREE patterns while their HREE patterns do not show much variation. In our
studied interval, the samples from the OP zone display very small ranges of LREE values that
closely overlap with the NASC standard, which indicates that the sediments were mostly derived
from sources that have similar REE compositions as the NASC. Samples from the OR zone are
characterized by variable LREE patterns (Fig. 5). Furthermore, a few samples are distributed in
the middle of NASC and MORB, indicating a relatively high proportion of mafic igneous rocks
compared to those in the OP zone. Overall, the REE patterns suggest an increasing contribution
of felsic sources during the deposition of the Marcellus Shale in our study unit.

Figure 5: Chondrite-normalized REE distribution patterns of the WS core samples. The REE
values of chondrite are from McLennan et al. (1980).
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Correlation between organic matter enrichment in Marcellus Shale and Acadian
orogeny
As previously discussed, the hypothesis that the variation in organic matter content in the
Marcellus Shale might be related to tectonic activities of the Acadian orogeny can be tested by
temporal and chemostratigraphic correlation of Acadian orogenic and magmatic events with
geochemical signals recorded by the shale strata.
Temporal correlation
Previously, the depositional age of the Marcellus Shale was only loosely constrained at
Middle Devonian (Eifelian-Givetian) based on conodont biostratigraphy (e.g., Bergström, 1970)
(Fig. 2). However, with the recent dating of the Tioga ash layers in the basal part of the
Marcellus Shale and development of high-resolution U-Pb zircon dating techniques, depositional
ages of Marcellus strata have been more accurately determined (Hayward, 2012; Parrish, 2013).
Dating of zircon grains from the Tioga ash layers shows that onset of the Marcellus deposition
likely occurred diachronously in the Acadian foreland basin with estimated deposition ages of
the basal Marcellus spanning from 394 ±5 Ma to 389±3 Ma (Parrish, 2013). In the studied core
(i.e., St. Whipkey #1) in southeastern PA, the dating of two ash layers suggests deposition of the
Marcellus Shale likely started at between 389 ±5.8 Ma and 395 ±5.7 Ma (average =392 ±4.1 Ma)
(Parrish, 2013). The estimated depositional ages from our study well is consistent with the ash
bed ages obtained from the adjacent wells (i.e., EQT 511391, Coldstream #1, Winner 4-8,
Fortuna FEI Thomas; see Parrish,2013 for well locations), which shows an average age of basal
Marcellus at 392.8 ±1.6 Ma (range = ~397 - ~387 Ma). It is worth noting that currently,
radiometric ages are only available from the basal part of Marcellus strata where volcanic ash
layers were discovered, and depositional ages for the middle and upper Marcellus can only be
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derived using estimated shale accumulation rates (Hayward, 2012). The average sedimentation
rates calculated in this study were based on dates obtained from ash layers reported from all the
wells near the study area. For example, the Coldstream #1 well in Clearfield, Pennsylvania
contains two ash beds (i.e., ash bed #1 Cold2, 7157.2’, 391.3 ± 4.8 Ma; and ash bed #2 Cold4,
7162.4’, 393.4 ± 5.5 Ma), which are separated by 5.2 feet of Marcellus Shale interval with an
average of 2.1 Ma age difference. Thus, the compacted sedimentation rate for the well was
calculated at ~2.5 ft/m.y. (Table. 3). Based on the sedimentation rates from all the adjacent wells,
we estimate the average sedimentation rates for the Marcellus shale in the study area to be ~ 4.3
ft/m.y. However, it is worth to note that current precision of the SIMS U-Pb zircon dating
method is at between plus and minus 2 to 5 Ma (Deloule et al., 2002). Therefore, uncertainties
associated with the zircon dating technique make it difficult to resolve short timescale variations.
In addition, there is a paucity of ash layers in the upper Marcellus hence most U-Pb ages are
from volcanic ash layers (Tioga ash beds) found near the base of the Marcellus Shale. Therefore,
the estimated average sedimentation rates most likely represent the depositional conditions
during the deposition of the lower part of the Marcellus Shale.
In the WS core, the base of the Marcellus Shale has an average age at 392 ±4.1 Ma
(Parrish, 2013). Using the estimated average shale compacted sedimentation rates (i.e., 4.3
ft/m.y.), the age of top of the OR zone is likely at between 385 Ma and 377 Ma if uncertainty in
ash ages are considered. Temporal correlation of the Marcellus Shale deposition and the Acadian
magmatism (Fig. 1), reveals that deposition of the OR zone sediments was generally coincident
with the magmatic quiescent period of the Acadian orogeny which lasted from ~395 Ma to ~380
Ma (Murphy et al., 1999). Tectonic synthesis shows that the magmatic quiescence stage from
~395 Ma to ~380 Ma was accompanied by extensive crustal shortening (>600 km) and orogenic
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activities related to convergence between the North America plate and Avalon terrane (Murphy
et al., 1999). Coupling of the subducted and overlying plates led to significant thickening of
continental crust and inhibited the penetration of mantle plume into the continental crust, which
accounts for the lack of magmatism in the Acadian mountain during this time (Murphy et al.,
1999). It has been suggested that the initial coupling of the subducting and overriding plates led
to rapid uplift of the Acadian mountain and by inference, rapid subsidence and deepening of the
adjacent Acadian foreland basin (Murphy et al., 1999). This suggests that the rise of the Acadian
orogen was coincident with the initiation of organic-rich shale deposition of the Marcellus
Formation (i.e., the OR zone).
The subsequent deposition of the overlying OP zone sediments most likely initiated at
~382 - 374 Ma, which coincides with the period of magmatic reactivation in Acadian orogen
lasting from 380-370 Ma (Murphy et al., 1999). During this time of period, the mantle plume
progressively thermally eroded the continental crust, thus, the crust was exposed to hot
asthenosphere (Murphy et al., 1999). In addition, reactivation of Acadian magmatism was
accompanied by the intrusion of extensive granitoid batholiths and continued convergence and
deformation along the North America plate margin, which led to extensive cratonward migration
of the Acadian organic belt, providing voluminous felsic sediments into the adjacent Acadian
foreland basin (Murphy et al., 1999).

Tioga Ash Ages and Sedimentation Rates
Well Name
County, State

Sample
ID

Ash #
(depth in ft.)

EQT 511391

EQT1

1 (7114.9)

Avg.
U/206Pb
Age (Ma)

Measured
interval (ft.)

Compacted
sedimentation
rate (ft/my)

394.2 ± 5.4

7117.05‐7114.9

1.2

238
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Armstrong #1
St. Whipkey #1

Coldstream #1

Winner 4‐8

Tunnelton CV1

EQT2
Arm1
Arm4
Whip2
Whip4
Cold2
Cold4
Cold5
Win23
Win35
Win41
Tun52
Tun62
Tun65

2 (7117.05)
1 (7755.27)
4 (7771.9)
2 (7893.6)
4 (7897.5)
2 (7157.2)
4 (7162.4)
5 (7163.5)
1 (8023.5)
3 (8035.4)
4 (8041.5)
1 (7852.0)
2 (7862.5)
3 (7865.7)

396.7 ± 5.0
388.1 ± 5.1
390.6 ± 2.7
395.1 ± 5.7
388.7 ± 5.8
391.3 ± 4.8
393.4 ± 5.5
396.5 ± 5.6
387.4 ± 7.8
390.8 ± 9.4
391.5 ± 8.4
387.3 ± 2.5
388.0 ± 3.0
389.3 ± 3.3

7771.9‐7755.27

2.5

7162.4 ‐ 7157.2
7163.5 ‐ 7162.4
7163.5 ‐ 7157.2
8035.4 ‐ 8023.5
8041.5 ‐ 8035.4
8041.5 ‐ 8023.5
7862.5 ‐ 7852.0
7865.7 ‐ 7862.5
7865.7 ‐ 7852.0

2.5
0.35
1.2
3.5
8.5
4.5
14
2.3
6.5

Table 3: Dated ash samples and calculated sedimentation rates in the study area. All data were
obtained by Parrish (2013).
Chemostratigraphic correlation
Temporal correlation of Acadian orogeny with organic-rich shale deposition in the
Marcellus Formation suggest that onset of Acadian orogeny played a key role in the onset of
deposition of the OR zone. Further as rare earth and trace element ratios of sedimentary rocks
reflect geochemical signatures of their source rocks (e.g., Condie, 1991) chemostratigraphic
studies can provide further evidence of this linkage. The previous study of magmatic zircons
from the Tioga ash beds shows that the rare earth and trace elements compositions of zircon
grains are consistent with the continental granitoid origin (Hayward, 2012). Here, we plotted
LREE and selected trace elements of shale samples that are least affected by weathering and
diagenetic process (Figs. 6 and 7). Average elemental compositions of bulk crust and upper crust
(similar to granodiorite) (Taylor and McLennan, 1995) were also plotted for comparison with the
shale composition. The plots show that trace elements (Th, Rb, Cs and Ta) (Fig. 6) and LREE
(La, Pr, Nd, and Sm) (Fig. 7) contents of the studied shale intervals display an increasing upward
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trend. The values in the OR zone are relatively low and scattered and similar to that of the bulk
crust. In contrast, the LREE and trace element contents in the OP zone are significantly higher
and become more stable with values more similar to that of the average composition of the
granodiorite. In addition, it is widely accepted that volatile trace elements (e.g., Rb) and
refractory elements (e.g. Th, REE) are significantly enriched in volcanic plumes, their abundance
is governed by magmatic degassing of sulfate/halide compounds (Moune et al., 2006). It is clear
that there is a compositional shift of source rocks during the course of the Marcellus shale
deposition. The OR zone shale samples were more likely sourced from the old continental crust,
the ‘non-magmatic signal’ preserved in the OR zone can be correlated to the period of magmatic
quiescence between ~395 Ma and ~380 Ma. In contrast, the OP zone shale samples have more
“granodiorite-like” composition, suggesting significant input from new formed igneous sources.
Therefore, the “magmatic signal” preserved in the OP zone can be correlated to the magmatic
active period that lasted from ~380 Ma to ~370 Ma. Together, the geochemical signature
provides a further evidence of the linkage between the Acadian tectonics and organic matter
concentration in the Marcellus Shale.
It is worth noting that the LREE contents are highly variable in the OR zone (Fig. 7).
These fluctuations may relate to the development of finer-scale depositional cycles/tectophases
in the Appalachian Basin. Orogenic events may have caused changes in source rocks, resulting in
variable LREE patterns in the sediment record. A recent study (Chen and Sharma, 2016)
suggested that the bottom water redox conditions were alternating between suboxic and anoxic
during the deposition of OR zone shale. This alternating redox conditions may reflect the finerscale water-depth changes that were controlled by Acadian orogeny. However, it may difficult to
assess the existence of these finer-scale tectophases because a large part of the Acadian mountain
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has been eroded or tectonically overprinted, especially in the central to southern Appalachian
basin (Ver Straeten, 2009).

Figure 6: Selected trace elements for the WS core.
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Figure 7: LREE profiles for the WS core.
Chemical weathering could potentially alter the LREE and trace element concentrations
in the studied shale (Buggle et al., 2011; Clift et al., 2014) and it is necessary to evaluate the
variations of chemical weathering intensity at the time of deposition. “Chemical Index of
Alteration” (CIA) has been used as a good indicator of chemical weathering for many studies
(e.g., Clift et al., 2014; Nesbitt and Young, 1982; Paikaray et al., 2008). The CIA is calculated
from Al, Ca, Na and K contents (Nesbitt and Young, 1982), however, Na contents are not
detectable due to using sodium peroxide (Na2O2) fusion as a pretreatment in our study. In this
study, we report the ratios of K/Cs and K/Rb, which show very similar patterns as CIA and can
be used as chemical weathering indicators (Cliff et al., 2014). Alkali elements, including K, can
be categorized as soluble cations and are relatively mobile in water, while Cs and Rb are often
regarded as immobile elements due to their large ionic radius (e.g., Buggle et al., 2011; Cliff et
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al., 2014). The ratios K/Cs and K/Rb slightly decrease upward in the WS core (Fig. 8),
suggesting enhanced chemical weathering during the time of deposition. Consequently, we
conclude that the sediments in the OP zone reflect a higher degree of chemical alteration and the
original trace element contents of the sediments were probably higher than the present values
(Fig. 6). Therefore, the observed compositional differences between the OR and OP zones are
likely to be underestimated if we take the effects of potential chemical weathering into
consideration.
It is worth to note that increased clastic input could also cause higher trace element and
LREE concentrations observed in the OP zone. Ti and Al are treated as essentially immobile due
to their low solubility of the oxides and hydroxides in low-temperature aqueous solutions
(Hayashi et al., 1997; Paikaray et al., 2008), thus can be considered extremely resistant to
weathering (Cliff et al., 2014; Chen et al., 2013; Chen et al., 2015). Ti is highly concentrated in
heavy minerals and Al mostly resides in clays and residual feldspars, which are all detrital
components (Murray and Leinen, 1996). Therefore, the concentrations of Ti and Al can act as
proxies for tracing sedimentary transportation processes in our study site. Enhanced
concentrations of Ti and Al in the OP zone may also suggest increased supply of siliciclastic
materials to the basin compared to the OR zone (Fig. 8).
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Figure 8: Temporal evolution in proxies linked to chemical weathering and clastic input
intensities.
Roles of tectonics and erosion on organic matter enrichment in the Marcellus Shale
During the period of OR zone deposition (ca. 395-380 Ma), mountain building of the
Acadian orogen was at its highest rates (Murphy et al., 1999; Ver Straeten, 2009, 2010). During
this time, the northwestern migration of the deformation front contributed to the development of
a flat-slab beneath the Appalachians, causing Lamaride-style orogenic activities (Murphy et al.,
1999). Active mountain building of the Acadian orogeny also resulted in increased subsidence in
the Acadian foreland basin (Ver Straeten, 2009, 2010). The δ13Corg values of samples from the
OR zone (ca. -30.5‰) suggest organic matter deposited during this period were primarily marine
in origin (Chen and Sharma, 2016), reflecting a land-ward shift of environments accompanying a
relative deepening of basin water depth (Ettensohn, 1985). During the tectonically active period,
uplift of the Acadian Mountain would have acted as a barrier to the moisture-laden east wind,
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causing rain shadow effect on the western side of the Acadian Mountain. The rain shadow effect
reduced sediment input from rivers into the Appalachian Basin. The lower Ti and Al
concentrations in the OR zone (Fig. 8) may reflect the lower influx of land-derived sediments in
the basin. Reduced clastic influx combined with deepening of the Acadian foreland basin, the
conditions greatly promoted the accumulation and preservation of organic matter during the
tectonically active period (coincident with the magmatic quiescent period), resulting in
widespread deposition of OC-rich black shale throughout the basin.
The magmatic quiescent period was abruptly terminated by a magmatic active period
marked by the widespread intrusion of granodiorite rocks during the period of ca. 380 - 370 Ma
(Murphy et al., 1999). In the sedimentary record, this is reflected by the high LREE and selected
trace element contents preserved in the OP zone. The higher LREE and trace element contents
could also possibly suggest higher clastic input. Higher concentrations of Ti and Al in the OP
zone may suggest increased influx of siliciclastic materials into the basin during this time period.
During periods of tectonic quiescence/magmatic active period, the Acadian Mountain was slowly
lowered due to weathering and erosion, resulting in reduced rain shadow effect on the western
side of the mountain. The reduced rain shadow effect permitted more moisture-laden east wind
to cross the mountain, causing more precipitation and increased clastic input into the basin.
Furthermore, magmatism within the Acadian orogen during the deposition of the OP zone may
produce voluminous felsic rocks in source area which could be a source of sediments. The
increased clastic input diluted organic matter concentration in the sediments. In the meantime,
subsidence began to decrease in the basin’s foredeep, resulting in shallower water depth. Falling
water depth also makes water-column mixing more efficient, creating suboxic/oxic bottom water
condition (Werne et al., 2002; Sageman et al., 2003; Arthur, 2005). Chen and Sharma (2016)
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suggested that the bottom water redox conditions were dominantly suboxic during the deposition
of the OP zone, which is consistent with this interpretation. Such conditions could have increased
rates of oxidation of organic carbon resulting in the accumulation of organic-poor shale.
CONCLUSIONS
The tectonics of the Acadian Orogeny has long been linked with organic matter
enrichment in the Marcellus Shale. This study attempts to provide the direct link between the
Acadian orogeny and organic-rich shale deposition. Temporal and geochemical correlation of the
Acadian magmatism and magmatic signals preserved in the Marcellus shale, reveals that the OR
zone sediments were mainly formed during the period of tectonically active and magmatic
quiescent period of the Acadian orogeny. In contrast, the higher LREE and selected trace
elements in the OP zone sediments indicate deposition during the period of magmatic
reactivation of the Acadian orogeny. In addition, the source rocks indicate a shift from
intermediate (mixed of felsic and mafic) to felsic upward throughout the section, also supporting
the trend towards higher magmatic activities. Reduced basin subsidence and subsequent
shallower water depth, combined with higher sediment influx throughout the deposition of OP
zone led to more oxic bottom water conditions, which were not favorable for organic matter
accumulation in the Marcellus Shale.
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